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Abstract—As an extension of our previous work, the effect of both intragastric and sc
administration of monosodium glutamate (MSG) was studied in four species of neonatal animals
(mice, rats, beagle dogs and cynomolgus monkeys)- Control groups were dosed with sodium chlor-
ide, sodium gluconate, potassivm glutamate and distilled water. A uniform dose tevel of 1g/ke
body weight (10 ml of a 10%, agueous solution/kg) was used. Animals were killed at 3, 6 or 24 hr
(and in the case of dogs also at 52 wk) after dosage. Several monkeys were also dosed orally with
MSG or sodium chloride at 4 g/kg.

No adverse effect was observed on growth, appearance or behaviour in any of the species. Exa-
mination of multiple sections of the brain, eyes and pituitaries by light microscopy revealed no
pathological alteration. Failure to observe in the arcuate nuclei of the hypothalamus the lesion
described by Olney (Science, N ¥, 1969, 164, 719) is discussed, in relation particularly to the 1 g/kg
dosage levil, which is many times the estimated maximum human dietary tevel.

INTRODUCTION

Olney (1969) initially reported 2 neuropathological effect of monosodium glutamate
(MSG)upon the brain of the mouse. Although lesions were found in adult mice given sC
doses of 5-7 g/ke infant mice were more sensitive. Mice of 2-9 days of age were given a
single sc injection (dosage ranging from 05 to 4 g/kg body weight) and were killed 1-48 hr
after dosing. Light-microscopic examination revealed acute neuronal necrosis (intracellu-
lar oedema and nuclear pyknosis) preferentially affecting the paramedian areas bordering
on the roof and floor of the third ventricle, particularly the preoptic and arcuafte nuclet
of the hypothalamus and neurons of the median eminence. Long-range effects. in mice
given daily sc injections for the 10 days after birth (2:2-42 g/kg body weight) and observed
to 9 months of age, included skeletal stunting, marked obesity with increased body weight,
lethargy, poor pelage and female sterility. It was postulated that these findings comprised
a “complex endocrine disturbance” related to the neonatal disruption of neuronal develop-
ment of “regions of the brain thought to function as neuroendocrine regulatory centers”.

The report also raised a question of a “risk to the developing human nervous system
by maternal use of MSG during pregnancy”. In a subsequent paper (Olney & Sharpe,
1969), the risk consideration was broadened to include human infants fed glutamate-
enriched diets. To support such concern, the paper presented a description of acute neur-
onal necrosis in the periventricular-arcuate region of the hypothalamus of an infant rhesus
monkey killed 3 hr after a single sC injection of 2.7 g MSG/kg given 8 hr after birth.

During this time the present study was planned and work was initiated. It was intended
to provide information on several points, namely the question of whether the neuronal
effects of single doses of MSG are reproducible, the influence of the route of administration
(intragastric (ig) versus sc), the possible role of the degree of ionization of the material or
*Present address: Biometric Testing, Inc., Englewood Cliffs, N.J. 07632, USA
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the concentration of the sodium ion, possible species differences in the neuropathological
effect of MSG and the influence of the age of the animal. In the latter connexion, the neo-
natal period (about 3 days after birth) was compared with the period when the lactating
animal no longer depends completely on maternal milk and begins to take solid nourish-
ment, a period about 12 days after birth for mice and rats and 35 days after birth for dogs.
The MSG dose level used in the present study, 1 g/kg body weight, was high not only in
relation to any conceivable intake by the human adult but also in relation to the 01-06g
MSG that might have been present in 4-5 ounces of baby foods formulated before the dis-
continuance of glutamate addition to baby foods by producers. It was considered reason-
able therefore to focus on the 1 g/kg dose level in the present multi-species experiment.

EXPERIMENTAL

Materials. To evaluate the role of both the sodium and glutamate moieties of MSG and
study the possible influence of ionization, four materials were tested, namely MSG, sodium
chloride (completely ionizable), sodium gluconate (incompletely ionizable) and potassium
glutamate, together with distilled water as 2 control. Consideration was given to the use
of molar or molal equivalence, but it was decided to administer all test materials as sterile
10%, (w/v) aqueous solutions, with animals receiving a constant dosage of 10 ml/kg body
weight (equivalent to 1 g/kg). N

Animals. The animals used were C57BL/6J infant mice, obtained from inhouse breeding
of parent mice purchased from 2 commercial supplier, infant rats of the FDRL strain,
beagle pups from the FDRL breeding colony and infant cynomolgus monkeys.

Treatment schedules. Both ig and sc routes of administration were used for each age
group and species. Animals of each of the four species were dosed at or close 10 3 days
ofage,and,ina second series, at ages corresponding to the period of introduction of ‘solid’
foods into the diet, as described above. A uniform dose level of 1g/kg was used for all
animals and test materials, except in the case of some monkeys, as indicated below.

Mice were divided into 20 groups of five, dosed either ig or sc at 3 or 12 days of age
and killed 24 hr after dosage. Ten groups of eleven 3-day-old rats were also dosed by both
routes, three rats from each group being sacrificed after 6 hr and eight after 24 hr. In addi-
tion, ten groups of five 12-day-old rats were similarly dosed and killed after 24 hr.

Three-day-old beagle pups were dosed by both routes in groups of six, one animal from
each group being killed after 3 hr, two after 24 hr and three after 52 wk. The last three were
observed daily and weighed monthly and at termination they were autopsied, the organs
were weighed and femur length was measured (as an index of skeletal growth). Thirty ad-
ditional dogs were wreated (by sc and ig routes) at 35 days of age, one in each group of
three being killed after 3 hr and two after 24 hr. Five additional groups of three 35-day-old
pups were given gradually increasing ig doses (2:2-4-4 g/kg) over a 10-day period, accord-
ing to the protocol of Potts, Modrell & Kingsbury (1960). Their progress was followed
for 48 wk, at which time electroretinograms were recorded and examined. They were then
killed and autopsied and organ weights and femur lengths were recorded. Extensive micro-
scopic examinations were made of the brain, €yes and pituitary.

Thirty-two 3- or 4-day-old cynomolgus monkeys Were studied. Doses of all the test com-
pounds were administered at the 1 g/kg level both ig and sc in the form of 10% solutions
and, in addition, tWo monkeys were given orally 4 g sodium chloride/kg as a 207, aqueous
solution and five received 4 g MSG/kg orally. Of the latter group, one received the dose
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in baby food and was killed 3 hr later, and the others were dosed with a 20% aqueous
solution, two being killed at 3 hr and one each at 6 and 24 hr. The sodium chloride-treated
monkeys were killed 3 and 24 hr after dosing.

Histopathology. Initially, rodents were anaesthetized with ether, the head was sagitally
bisected and needle biopsies of the right ventral hypothalamus were taken immediately
and fixed in 3% glutaraldehyde in phosphate buffer. Both halves of the brain were fixed
in 10% neutral buffered formalin, All the mice and some rats and dogs were treated in
this way. Subsequently the animals were anaesthetized (with ether for rats, Surital for dogs
and Sernylan for monkeys) and cannulated into the ascending aorta through the left ven-
tricle, and the brain was fixed by perfusion with 3% glutaraldehyde in phosphate buffer
following a brief perfusion with heparinized saline or phosphate buffer. The glutaraldehyde
perfusion time was about 10 min for rats and 15-20 min for dogs and monkeys. The fixed
brain was removed and sectioned transversely through or near the pituitary stalk, and a
I-mm transverse slice just caudal to the stalk was removed, additionally fixed in glutaral-
dehyde and then stored in cold phosphate buffer for possible electron microscopic exa-
mination. The brain was stored in 109/ neutral buffered formalin prior to further process-
ing.

Gross examination of other organs (and storage of organs or samples in formalin) was
carried out in the monkeys and in the dogs, other than those dosed when 3 days old and
killed after 3 or 24 hr.

Examinations by light microscopy were made of 6-um sections of paraffin-embedded
tissue stained with haematoxylin and eosin. For some of the earlier studies, the left half
of the brain of the mice and rats was sectioned sagitally. This was soon replaced by trans-
verse or coronal sectioning for all other animals, and later coronal sections were prepared
from the right half of the brain of many of the rodents studied earlier. Spaced sequential
sections were taken throughout the hypothalamus, spanning the region from the preoptic
level to the interpeduncular zone or premammillary level. The average number of sections
examined for each animal was 30 for mice and rats, 20 for dogs and 20-30 for monkeys.
In addition, light-microscopic examination was carried out on sections of certain endo-
crine organs from the 30 dogs dosed once at 3 days of age and followed for 52 wk.

Nearly all the slides were examined by two pathologists, one of whom read them blind.

RESULTS

In essentially every instance, microscopic examination of brain sections of animals aged
3-5 days showed occasional small neurons with nuclear pyknosis and a more frequent,
but still sparse, scattering of small cells showing nuclear pyknosis or karyorrhexis with
cytoplasmic eosinophilia and without any glial or inflammatory reaction. This kind of cell
was widely distributed in the brain but was sometimes a little easier to find (presumably
being more numerous) in the periventricular-arcuate region of the hypothalamus. How-
ever, these cells exhibited no apparent swelling (typically they are smaller than most of
their neighbouring cells) and they were seen in the brains of animals of all groups.

Neuronal necrosis of the hypothalamic arcuate nuclei, as described and illustrated by
Olney (1969), was not identified in any animal of any group, notwithstanding the vari-
ations in techniques of autopsy, fixation and sectioning. Only in one animal, a rat, dosed
with 1 g MSG/kg at 3 days of age and killed 24 hr later, was an area seen that closely




10 ’ B. L. Oser, K. MORGAREIDGE and S. CARSON

resembled the lesion described by Olney (1969). In this animal, an area in the median
eminence contained cells showing slight nuclear pyknosis and prominent vacuolation.
However, most of the vacuolation appeared to be intercellular and was possibly an arte-
fact, and the area was not believed to be a lesion attributable to the effect of MSG.

Particular attention was paid to the brain sections of the five monkeys dosed with 4 g
MSG/kg and re-examination of the sections from most of the animals dosed with MSG
or potassium glutamate revealed no changes with the reported features of MSG-induced
necrosts, or even showing any difference from the other groups.

Table 1. Body weights of dogs maintained to maturity following a single 1 g/kg dose of MSG or other test material
at 3 days of age

Body weight (kg) at wk

Test Dosage Dog no. e - e —
compound route and sex 0* 4 12 24 36 52
MSG Oral 3201 F 047 121 4-6 86 100 10-2

3202 F 0-36 110 29 66 76 77

3203 M 0-44 1-21 54 95 11-1 -1

Mean... 042 1-17 43 82 96 97

Sc 3207 F 0-51 122 39 74 83 87

3208 M 0-54 127 64 102 16:1 16:6

3209 M 0-60 1-35 57 92 135 157

Mean... 055 1-28 53 89 126 137

NaCl Oral 213 F 0-56 1-24 39 7-8 87 113
3214 F 0-33 105 30 75 85 90

321S F 0-48 1-20 51 87 10-6 110

Mean... 046 116 40 80 9-3 10-4

Sc 3219 F 0-52 1-20 36 80 87 97

3220 M 0-42 I-16 56 86 116 12:0

3221 M 0-61 132 61 93 12:5 117

Mean... 051 1-23 51 86 109 11-1

Na gluc Oral 3225 F 0-54 1-25 36 79 88 103
3226 F 0-27 1-09 38 76 82 87

3227 M 0-46 1:29 61 10-4 i53 151

Mean... 042 1:21 4-5 86 10-8 114

Sc 3231 F 0-48 1-10 39 75 89 91

3232 F 0-46 112 48 90 11-3 120

3233 M 0-62 1-30 62 9-4 154 164

Mean... 052 1-17 50 86 119 125

MKG Oral 3237 F 0-37 10 40 79 79 77
3238 M 0-48 123 45 9:2 12:0 116

3239 F 0-61 1-36 4-8 96 12:0 124

Mean... 048 1-23 4-4 89 10-6 10:6

Sc 3243 F 0-56 1-31 51 95 11-3 11-3

3244 F 0-40 1110 37 7-5 99 97

3245 F 0-54 1-24 48 86 9-7 94

Mean... 0-50 1-22 45 85 103 101

Water Oral 3249 F 0-55 1-15 35 76 89 96
3250 F 0-25 112 35 72 82 87
3251 F 0-35 111 4-8 85 88 86 -

Mean... 038 1113 39 7-8 86 90

Sc 3255 M 0-55 128 56 94 143 151

3256 M 0-53 121 49 8-4% — —

3257 M 0-37 115 49 88 12:8 14-1

Mean... 048 1:21 51 89 136 14-6

MSG = Monosodium glutamate Na gluc = Sodium gluconate MKG = Monopotassium glutamate
*Initial body weight.
tDeath ensued before the next weighing.
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Microscopic examination of the €yes of these animals, and scrutiny of the electroretino-
rams of neonatal dogs dosed serially according 10 the procedure of Potts et al. (1960) and
Cohen (1967), failed to reveal any effect of MSG or any significant difference between the
groups.

Gross and Microscopic examination was carried out on the pituitary gland, ovaries,
uterus and mammary glands of the 30 dogs dosed once at 3 days of age and observed for
52 wk. No abnormalities Of differences between groups were found. Body weights,
recorded monthly during the 52 wk these animals were followed, showed no evidence of
an effect of any treatment (Table 1).

In the additional group of 15 dogs dosed for 10 days, starting when they were 35 days
old, and autopsied at 48 wk, no unusual or treatment-related changes were found in the
gross examination of weights of organs (gonads, liver, spleen, kidneys, adrenals, thyroid,
pituitary, heart and brain), in femur lengths, in electroretinograms Of in the microscopic
examination of the brain, eyes and pituitary.

Slight regurgitation of mucus was noted in one of the sodium chloride-treated monkeys
and at autopsy (24 hr after dosing) the stomach mucosa appeared reddened. The other
member of this pair was sacrificed 3 hr after dosing. The stomach and upper small intestine
contained blood and the mucosa appeared haemorrhagic. No such findings were seen in
the animals on MSG.

DISCUSSION

During the past few decades, MSG has been the subject of a number of toxicological
and pharmacological investigations in several animal species, including man. Retinotoxic
properties were reported by Lucas & Newhouse (1957), who described degeneration of the
ganglion—cell layer and failure of formation of the inner nuclear layer of the retina. Inhibi-
tion of formation of the inner retinal layers was confirmed by Potts et al. (1960), following
ip dosing of MSG to infant mice at daily increasing levels for 2-17 days. These authors
proposed that, in the mMOUse, MSG repressed an essential enzyme needed for the develop-
ment of the inner retinal layers. Cohen (1967 reported the destruction of axons in the optic
nerves of 2-month-old mice given MSG as neonates (2242 g/kg on days 1-10 after birth).

The present investigation was prompted by the report that sc administration of high
doses of MSG (054 g/ke) exerted a neurotoxic effect on several regions of the brain of
neonatal rodents (Olney, 1969) which, as previously mentioned, was interpreted as suggest-
ing a neurological hazard to the developing human foetus “by maternal use of MSG dur-
ing pregnancy’ - The relevance of the original Olney (1969) study to the safety of MSG
as used in foods was questioned (Blood, Oser & White, 1969) on the grounds of the age
of the test animals, the routes of administration, the magnitude of the doses and the lack
of adequate controls. Several additional correspondents {Lowe, 1970; McLaughlan, Noel,
Botting & Knipfel, 1970; Zavon, 1970) questioned the work of Olney (1969) because (a)
data were lacking on the response of control mice to the solvent alone or to equivalent
amounts of sodium chloride or the salts of other amino acids; (b) no blood-level data were
gathered; (€) only one primate was used; and (d) the levels of MSG used in the neurotoxi-
city studies seemed excessively high in relation to potential human ingestion. Olney &
Sharpe (1969, 1970) later supplied some of the information lacking in the original report,
as well as additional data which supported their conclusion about the effect of high doses
of MSG in the infant animal.
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Adamo & Ratner (1970) studied both acute and long-range effects in rats given a single
sc injection of 4 mg MSG/kg when 3 or 4 days old and were unable to find any evidence
of an adverse effect of glutamate on neural morphology or the reproductive system.

Arees & Mayer (1970) reported that approximately 95% of their MSG-treated mice,
given a single sc or ip injection (at a dosage of 2 or 4 g/kg for infant mice and 6-10 g/kg
for adult mice) and killed 372 hr later, showed lesions in the arcuate nuclei of the hypo-
thalamus. However, the lesions were smaller than those reported by Olney (1969) and
consisted primarily of degenerating microglial cells, the perikarya of neurons being un-
affected.

Olney & Ho (1970) reported brain damage in 10-12-day-old mice killed 3-6 hr after
receiving a single oral dose of MSG (dosage 0-5-2 g/kg) or monosodium aspartate (dosage
1 g/kg). The arcuate nucleus of the hypothalamus showed well-demarcated lesions, in
which the number of necrotic neurons in each cross-section of the arcuate nucleus was
dose-related. Neuronal cytopathology was not found in controls, which included some ani-
mals treated with “massive” doses of sodium chloride or “large amounts” of sodium bisul-
phite or glutarate.

Reynolds, Lemkey-Johnston, Filer & Pitkin (1971) found hypothalamic lesions (neur-
onal necrosis) in the newborn mouse following oral administration of MSG, but in their
study of infant monkeys no hypothalamic changes could be found in animals sacrificed
6 hr after ig administration of 1-4 g/kg. Abraham, Dougherty, Golberg & Coulston
(1971) distinguished two types of lesions in the arcuate nuclei of mice given MSG, ig
administration involving glial cells and sc administration involving neuronal cells. The in-
cidence of lesions was higher at a dosage of 4 g/kg than at 1 g/kg, and higher with sc than
ig administration. In a similar examination in which the hypothalamus of four infant mon-
keys given 4 g MSG/kg (two orally and two sc) was compared with that in control infant
monkeys, no effect was found. The authors suggested that the species difference in suscepti-
bility to large doses of MSG may relate to the disparate permeability of the blood-brain
barrier in neonatal animals consequent upon different degrees of myelination of the central
nervous system. The rate of intestinal absorption was suggested as a limiting factor in the
hypothalamic effect in mice.

In the studies here reported, involving the ig or sc administration of single 1 g/kg doses
of MSG to rats and mice 3 or 12 days of age or to dogs 3 or 35 days of age, and killed
3 hr (dogs), 6 hr (rats) or 24 hr (rats, mice and dogs) after dosage, no hypothalamic patho-
logy was observed. Single 4 g/kg ig doses given to five infant monkeys were likewise nega-
tive. Growth, appearance and behaviour appeared normal and gross and microscopic exa-
mination at autopsy revealed no abnormalities in the brain, eyes, pituitary, ovaries and
uterus of dogs given a single dose at 3 days of age and observed for 52 wk. No evidence
of pathological change was found in electroretinograms or in the eyes or brain of dogs
given increasing daily doses for 10 days from 35 days of age and followed for 48 wk.

Several possible reasons may be suggested for this failure to observe neurotoxic effects
with MSG. The hypothalamic lesion described by Olney (1969) may be so slight as to be
difficult to find by any technique short of examination of serial sections of the entire ven-
tral hypothalmus. This study was not designed to detect and quantitate lesions of such
minute degree. However, if even very small lesions had been present in these animals, it
seems improbable that the examination of periodic or spaced sections would miss them
every time. The thickness of light microscopic sections and the stain used may be impor-
tant in the optimal visualization of the lesion. This study used 6-um sections stained with
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haematoxylin and eosin, whereas Olney & Sharpe (1969) used 1-um sections stained by
the Richardson method (Richardson, Jarett & Finke, 1960). Considering the light micro-
scopic features of MSG neuropathology (swollen cell, vacuolated cytoplasm and nuclear
pyknosis), it seems to us unlikely that these effects would be shown by only one of these
stains.

It should be noted that in a more recent report (Olney, Sharpe & Feigin, 1972) the single
1-wk-old monkey dosed orally at 1 g/kg showed “tiny lesions” consisting of acutely necro-
tic neurons “almost exclusively in rostral subventricular nucleus”. At doses of 2 or 4 g/kg,
such lesion sites were more conspicuous and somewhat greater in number.

The histological technique for fixing tissues is of crucial importance in electron micro-
scopy, but is not so critical in light microscopy, at least not for the features claimed to
be induced by high doses of MSG. Some of the initial work here reported was done with
ordinary formalin fixation; when the perfusion method was first used, the technique failed
in occasional animals. Nevertheless variations in fixation procedures provided ample
opportunity for revealing the presence of hypothalamic lesions, if in fact they were present.
The possibility that inadequate fixation might somehow reverse the lesions so that necrotic
cells would appear normal is hardly tenable.

Oral or ig dosage is subject to criticism on the grounds of possible loss of test material
by regurgitation or vomiting (either from an excessive dosage volume or an emetic action
of the material). The absence of MSG effects in this study cannot be due to this factor,
however, because lesions should then have been found in animals dosed sc.

No adverse effect on neurological or hepatic function was observed by Bazzano, D’Elia
& Olsen (1970) in human adult males receiving as much as 137 g glutamic acid daily for
periods ranging from 14 to 41 days, nor in gerbils fed diets containing glutamate at a level
equivalent to 30 g/kg body weight/day. These authors, like others, suggest that the central
question is how much of the fed or injected MSG actually crosses the blood-brain barrier
in the neonatal animal and whether the rate of development of the blood-brain barrier
in rodents or primates is comparable to that in the human infant. There is no doubt that
passage across the barrier is a function of the blood level and, in turn, of dose and con-
centration.

Though the existence of a blood-brain barrier has been questioned, the evidence con-
cerning a wide series of active agents shows that, with maturation, there is a “sparing”
action (i.e. a lower central sensitivity to toxicants) indicative of the development of such
a barrier. Its specific time of appearance is largely determined by functional tests, but it
has been shown to be present when the animal begins to ingest the ‘solid’ food offered
in the maternal diet.

Several reports of induced hypothalamic lesions involved a 4 g/kg daily dose, whereas
1 g/kg was used in most of these studies. The higher dose would be equivalent to about
15 g for a newborn human infant. The administration of massive dosages to 1-3-day-old
rats places a substantial toxic stress on the neonatal organism when considered in the light
of the fact that metabolic enzyme systems are still in the stage of development during the
period of lactation.

The present study fully supports the conclusion of the Food Protection Committee
(1970) that the risk associated with the use of MSG in infant food is extremely small and
that, except for persons individually sensitive to MSG, foods containing the flavour
enhancer present no hazard for older children and adults.
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I THE COMSUMPTION OF L., GLUTAMIC ACID AND OF
L. ASPARTIC ACID LIARBLE TO CAUZE
DAMAGE 70 HEALTH

In 1970, J.V. Olney, MD, Associate professor of psychiatry,
Washington University Medical School, published observations
on the damage in the brain of ten day old mice produced by
oral intake of glutamic or aspartic acids. lle claims that
the health of young children could be adversely affected by
the consumption of aspartame ; that plutamate and aspartate
are toxic and produce irreversible necrosis of hypothalamic

/"\ neurons from only a single exposure. He underlines the fact

“ | that although the focus of attention in animal research was
put by him on the new born animals, no one, in his opinion,
has shown that older animals lack susceptibility. He believes,
on the contrary, the opposite to be true. e nlaces the thres-
hold for brain damage from oral monosodium plutamate (%) at

- 0.5 to 1 mg per g. in 10 day old mice

-1 to 1,5 mg/ g in weanling, and

- 1,5 to 2 mg/g in older animals.

If a similarly pradual shift in the toxic threshold accurs with

age in humans, it is reasonable, in his opinion, to assume that

infant: or children would be at risk from 0.5 to 1,5 mg/f and

adolescents and adults from 1,5 to 2 mn/g.

The same figures correspond of course to grams per Kg body weight.
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(%) J.W. OLNEY et al., Seience 1969, 164, 719 ; 166, 386 ; 1970, 167, 1017 ;
Nature 1970, 227, 609 ; J. neuropathol. Exptl. neurol. 1972, 21, o,



It must be emphasized that L. aspartic acid and L. slutamic
acid are two aminoacids present in all dietary proteins, and
that they are most frequently the two most abundant aminoacids
in these nutrients, certainly as regards glutamic acid.

The two together form most frequently some 20 to 40% of the
total load of protein in the diet.

In animal proteins the mean figure corresponds to roundabout
30%, whereas in vegetable proteins it is of the order of

35% (see appending table where the major basic food products
of the diet are represented).

For the entire population of the highly industrialized

countries, where the protein intake is more or less evenly
distributed between the animal and vegetable proteins, with
only a slight advantage of the latter on the former, it may

be taken that the sum of glutamic and aspartic acids correspond

all in all to some 35% of the protein supply of the diet.

Proteins are broken down into frec aminoacids in the course

of digestion in the gut and absorbed there through the gastro
intestinal mucous membrane into the blood. The dietary supply
of glutamates and aspartates is therefore abundant, and

there is no reason to suspect that their eventual action on
the brain might be different from that of the same aminoacids
consumed as such, namely in the form of their monobasic alcali
salts, provided of course that it is the L. isomers which

are concerned. _

Let us therefore examine the matter from the nutritional
angle, and let us see first of all what the daily intake is

of those two aminoacids derived from the proteins of the diet.

THE WEANING INFANT. -

At birth and shortly after birth, as long as the infant
remains exclusively breast fed, it consumes the two aminoacids

derived from human milk alone.
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lluman milk contains on an average about cne g. of protein

per 100 g. milk and this yields a supply of 0.282 g. of
aspartic and glutamic acids (see the FAO-WHO tables of amino-

acids content of food, Rome 1970, pages 132-135) (x).

A consumption of 500 ml of human milk supplices therciore
1.4 g. of aspartic and glutamic acids to the infants
(0.282 x 5).

Cows milk contains on an average 3.5 g. protein per 100 g.
of milk and about 34% of this corresponds to aspartic and

glutamic acids, thus about 1.2 g.

The consumption of one half to one litre of milk supplies thus

6 to 12 g. of the two aminoacids to a weaned infant weighing

about 5 Kg, thus somec 1.2 to 2.4 g. of the two aminoacids

per Ko b.ow.

The toxiec threshold assumed by Olney for infants (0.5 to

1.5 g/Kg) would thercfore be exceeded by the intake of the
two aminoacids derivedvffom milk. The implication is that
the infant consuming one half to one litre of milk would be

at risk of suffering brain damage.

OLDER CHILDREN BEFORE ADOLESCENCE

(average for a ten year old child, range of 2 to 1h years of
age) average body weight 32 Kg (range from 20 to U5 Kg).

In fact the average figures for body weight of children in
function of age differ somewhat from country to country.
Those given hcre are valid for the Belgian population.

In the USA thcy are somewhat higher.

(x)

101 mg aspartic acid and 181 mg glutemic acid per 100 g. of human mill.
The content in protein is usually based on the total nitrogen content
(x 6.25), this includes thorefore nitrogen of mucopolysaccharides ard
other non protein nitrogenous compounds such as urea for instarce.

The amount of the two aminoacids (0.282 g) corresponds therefoce to
abcut 30% of the true protein content of huran milk.

~grer:
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Olney scts the threshold of risk from an intake of aspartic
and glutamic acids at the level of 0.5 tc 1.5 g/Kg body weight.
At the age of ten, the actual daily intake of protein

averages about 1.25 g. per Kg body weilght, possibly cven a
little morc than that, and 35% of this corresponds to the

daily intake of aspartic and glutamic acids, thus to at

least 0.44 g, of them per Kg. b.w. (%)

Young children could therefore easily exceced Olney's lower
limit for safety of these aminoacids from consumption of
ordinary foodi This would imply that children, especially
those with above average protein intake, would be continuously

at risk of brain damage.

ADOLESCENTS AND ADULTS

The average body weight for both sexes : some 60 Kg at least.

For men it often reaches the figure 70 Kg and possibly §0

or 90 Kg and even more. The actual protein intake of 100 gz.

is frequent, possibly even more than that. This corresponds to
at least 35 g. of aspartic and glutamic acids, eventually

even somewhat more than that, thus some 0.6 g. per Kg b.w.

at lcast.

According to Olncy the risk of brain damage due to the
consumption of these two aminocacids exists at the level of
consumption of 1.5 to 2 g. pef Kg b.w. In other words,
this categéry of people would still be on the safe side,
although therc would not be much of a safety margin in this

respect.

)

The figure 1.25 g. protein per Kg body weight is often given as the
requirament, but the actual intake is usually higher than that,
approaching easily 2 g. at this age.




Such a state of affairs is to be rcgarded as bcing highly
improbable. Physiologically speaking, the adult human being
.and the adolescents do not live that close to unsafety as
rzgards the cventual harmfulness of the nutricents they consume
when living on a normally balanced diet. It is therefore

very definitely our feeling, and c¢ven our conviction in the
casc of the normal diet of weaned infants, that Olney's

vicews on the matter arc in need of being critically reexamined
with great scrutiny, and even confirmed eventuélly on the
basis of findings in animals made in more than one laboratory.
It is anyhow always desirable that observations liable to
involve important consequences in the ficld of public health,
be confirmed in more than one rescarch laboratory.

It is clear from these calculations that infants and children
regularly consume ordinary foods containing quantitiés of
aspartic acid and glutamic acid in the range considered by
Olncy to be toxic. In view of this it is essential that these
claims be evaluated with great care and that the basis for
them be examined most'critically.' It would be strange,
indeed, if the ordinary food that we human beings consume
throughout lifc were to contain quantities of two amino-

acids in the necar-toxic range according to Dr. Olney's
predictions.

0
00

ASPARTIC ACID CONSUMPTION DERIVING FROM ASPARTAME

The molecular weight of this swcetcner which is a dipeptide

is 294, and that of aspartic acid 133 (that of phenylalanine
is 165).

The aspartic acid moiety of the molecule corresponds therefore
to u5% of the wecight of aspartame.

The sweetening potency of aspartame is of the order of 200
against 1 for sucrose.
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The total human consumption of sugar per hcad of the populaiion
varics from country to country. In most western European
countrics it is of the order of 100 g. per day. In the

USA and in Sweden it is closer to 150 g. 1If this swectenor
were entircely replaced by aspartame, in the human dict, tho
consumption of this latter sweetener would amount to about

0.5 g. per head of the population in most Furopedan countriec

and 0.75 g. in the USA or in Swedcen. This is however an

————2,

unrcalistic cvaluation of what the upper limit of aspartamc
consumption might be, because this sweectener cannot be uscd

in certain types of fcod~products,‘namely those which requirc
prolonged cooking in the course of their preparation.

Let us consider a level of intake of aspartame equivalent

in sweetening potency to one hal{ of the tolal amount of sugar
consumption, thus at 0.25 g and 0.375 g. of aspartame
respectively in the 2 categories of countriecs mentioned above.
These two estimates of average daily aspartame consumption
lovel per head of,the population would correspond to 0.11

and 0.17 g. of aspartic acid respectively, say, all in all

a daily intake of the order of 0.14 g. per capita consumption
of aspartic acid deriving from aspartame. In Relgium, the
average weight per head of the population is of the order of
50 Kg (weighted avcerage), that of the adults being of tho |

‘order of 60 Kg for both sexes. Per KG BODY WEIGHT, thc

daily intakc of ASPARTIC ACID deriving from aspartamc,

per head of the population, would thus not cxceed 0.003 g
(0.14 : 50),

Let us consider 3 different subjects : I, a wcaned infant,
I1I. a 10 year old child, and III. the adult : what do these
3 subjccts consume

A/ of aspartic acid and glutamic acids deriving from the

proteins of their daily diet (sce above p. 2 to W), and

B/ of aspartic acid deriving from aspartame, at a high average

level of aspartame consumption.
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ADDENDUM

The validity of using an intubation technigue in animals weighing
only a few 5. is also questionable. A doze of 0.5 ml water given
by intubation to a 5 g. mouse is equivalent to 10 % of the body
weipght. '

Even if the animal's stomach has'enough capacity and mechanical
strength to withstand this treatment such a dose must create an

osmotic disturbance in the electrolyte and water distribution between

the extra andintracellular body fluids and lead to histclogical
changes in the tissues. LEven a dose of water only one half of the
volume of 0,5 ml is still an extremely large one compared to the’
intracellular and extracellular fluid comportments of body tissues.
The significance of this disturbance is difficult to evaluate but
it may be worth considering the corresponding situation of pumping
several hundred ml. into a 4 Kg newly born infant in a single shot.
Such an infant normally requires an intake of about 130 KCal/KG

bodyweipht in cach 24 hr and this is generally provided by a maximum

liquid food intake of approximately 150 ml/100 KCal or a total of
about 700 ml not given in one dose but spread over four or five
meal s(See the Food and Mutrition Board Report of 1963, of the
Academy of Sciences in Washington and of the Mational Research
Council 1964, Sec also Consolazio's paper in World's Reviews of
Nutrition and Dietetics, Vol. U, 1963, p. 55). Rats or mice on

the contrary are animals eatinp and drinking all day long on a
continuous regime of intake. Their fluid intake proceeds therefore
on a very gradual hasis, reducing osmotic disturbances to a strict
minimum if not to nil. '

The use of the sinple dose intubation technique in newborn mice
with its inevitably disturbing osmotic effects, must therefore be
considered inappropriate as a means of toxicologilcal evaluation,
and the interpretation of the histological findings will remain a
dubious exercice until more experiments have been carried out.
Methods of toxicological evaluation of food additives which do not
consist in incorporating the tested substance in the animals food
" are, in fact, unsuitable for the purpose. Their results are much
more difficult 'o interprete reliably. :
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v mq aspartic acid and glutamic acid 1 cr 100 g. food
and fThe confent of protein in the sum of both, expressced in percent.
'(f'\\ (502 FAO-WHO Tebles of amincacid contents of food (Rome 1970) ).

: T T - T
. In 100 g. food ; ) ) t )

. omqg. aspar-fmg. gluta- f A+ B fToTal ami- f protfcin f A+ Din

" tic acid mic acid | ‘noacids “{cum of amit p.cent
) ) ; : ‘noacid of
. : : : : ‘residucs
' ' ' ' ; ‘D x 0.85
Cows milk 1 264 : 764 : 1028 : 3553 : 3020 : 34%
Mca*t _ : :
beet & veal - 562 © 955 Y1517 6065 ' 5155 ©299
nutton & lamb : 1373 : 2305 : 3678 : 15224 : 12940 . 28%
pork © 1060 P 1718 © 2778 * 1149 ©9772 © o 28%
chicken ;1834 : 3002 . 4836 : 18026 : 15322 ;319

‘Mean valuc for

__.-.——-_—..——_.__—A-___.-_.__.._—_A.—-——_-—————‘--—__——__._—_4-—.__——.——____.a..-—_——....—._—-a-—-—-.—--—.-—... .
»

Mcarn value for | ) ; : : .
animal protein L = Co- - S T- T 29.5%

+ Vheat flour

1 (60-70% extraction: 374 : 3288 : 3662 : 9253 . 7865 - : 46%

" beans © 2648 F 3271 © 5919 * 20043 ‘17036 - ¢ 369
potato : 248 : 204 : 452 : 1572 : 1336 ¢ 34%

: Mcean valuc for : : : : :

: vegetable protein: - - - - : - 1 39%
Vleighted goncral mcan value soeeveenennsnanss Cirteaeesiaerae e cieeaees 34.8%

'assuming a diet formed of

55% vegetable protein \ 39 % 0.55 = 21.5
and 45% anima! protcin 29.5 x 0.45 = 13.3
3.8




any rash judgements or extrapolations from mouse to man can
be made. At present all one can say is that Dr. Olncy's
work appears to bc an interesting research observation which

is species specific.

There are apparently unpublished data of a few tests made by
Olney on 10 to 20 day old mice which sustain hypothalamic
lesions from tubefed aspartame, but the dosage is particularly
high : 2 to 2.5 g. per Kg body weight. 1In a man welghing

60 Kg, this would correspond to 120 to 150 g, a quantity

300 to 600 times greater than the maximum amount of aspartame
required to replace the sweetening potency of one holf of the
total load of the human diet in sucrose (120 to 150 : G.25 =
500 to 6003 120 to 150 : 0.375 = 300 to 400). Tests performed
with such overdosage are unrealistic and mcaningless.

It would be like wondering what would happen to a man
consuming 300 to 600 times more sugar than the amount

of it he usually consumes.

As regards the validity.bf his technique of tubc fceding
of such small animals as 10 day old mice, one would like
also to see what the results of his procedurc would be,
when testing the safety of several additives which have
been recognized as safe, for instance lactic acid and also
Na and X lactates, or citric acid and its mono, di and |
tribasic Na and K salts, or cven an additive such as

sodium 1. ascorbate used as antioxidant.

E.J. BIGWOOD,
Emeritus Professor of Biochemistry and
Nutrition, Brussecls University

- onw table in appendix
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N. Lerkey-Johnston, V. Butler and W.A, Reynolds
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EXTPACT

We exémined the effects of glutamic acid hy&rochloride and of

godium chloride at levels equimoclar and hyperosmolar to those used in
obtaining brain damage with monosodiwm glutemate (¥SG) in neonatal mice.
At 2 mg/gm of glutamic acid hLydrochloride, tcn of eleven animals sustained

lesions in the arcuate mucleus as well as in other brain regions. Fifteen

~ infants raceiving sodium chloride at dosages equimolar to 1, 2 and 4 mg/gm

of MSG did not exhibit lesions in the srcuste or preoptic muclei or in any
other brain area. However, when 5 day qld neonates were given a U mg/em
equimolar dose, & single animal exhibited extensive lesions in many aress
of the brain (Table II) but agein, none in the arcuate-preoptic area. At

higher dcsages of sodium chloride neuronal damage sometimes occurred in

" structures bordering hemorrhagic ventricular vessels. In some structures

gsuch as cerebral cortex, caudate-putameh and perebellar cortex no obvious
vessel dilatation was seen. Neuronal lesions in the cerebral cortex
rediated dorsally over the corpus czllosun snd extended almost uniformly

throughcut the entire hemisphere. Pykaotic nuclei in the cerebellum

extended throughout the'internal grenular layer of several folia, while

dilata’ion and hemorrhage of vessels was most conspicuous in the vhite
ratter of the medullary ccre. Msan plasma levels of sodium rose from

control valuss of 130.0%1.5 (S.E.M.) meq/l to 150.3%1.0 and 154.7%0.9 nmeq/1

_for MG snd sodium chloride-treated reonates, respectively. In none of

the 16 mouse brains examined following sdizinistration of sucrose was

therc any evidence of neurcnal lesicns in the arcuate nucleus or any other
erea of the brain (Table I). A1l nice did,howe#;r, exhibit abnormalities
in brain vasculature. ‘

Fyperratremia is induced in neonatesl mice at the highest dosaga of



MSG used to elicit neuropathologic changes. Glutamic acid hydrochloride
can elicit the same pattern of brain lesions in neonatal mice as can
MSG at high dosages. Therefore , hypernatrenmia is not necessary to open
the blood brain b“rrier for glutamate-induced neuronal 1esions. Sodium
chloride, although not causing arcuate lesions, is capable of causing

e wide spectrum of demage in the neonatal mouse brain, at lower levels

(0.02-0.05 meg /1) than previously recognized. Glutamic acid and sodium

do cause brain lesions often in the same structures but their pattern

of brain damage differs, probably as & result of d.ifferent routes of

" entry into the brain.
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SPECULATION

" The finding that neonatal mice made hypernatremic show massive
neuronal lesions due to cell dehydration in addition to brain vascular ‘
changes may explain some of the savere neurological disorders nown to

follow hypernatremia in infants. The fact that relatively low levels

of sodium are capable of "breaking down" the blood brain barrier may

‘give impetus to pharmacological studies involving substances vhich may

enter the brain during mild episodes of hypernatremia. Glutamic acid

hydrochlofide,‘NhCl and sucrose are all capable of eliciting birain

_damage vwhen given in sufficiently higb doseges to neonatal mice. However,

three different patterns of damage are encountered: lesions adjacent to
cerebrospinal fluid (glutamic acid hydrochloride)j focal lesions and
vasculsr dilatation and hemorrhage (NaCl); and vescular dilatation
(sucrose). These observations point up the need for considering the

gpecific chemical moiety inducing hyperosmolaiity clinically.’
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INTRCDUCT IOHN

Monosodimn'glutmte (¥s¢) administered orelly (12) or by injection
: (2,17) to neonatal mice results in substantial damoge ;bo the arcuate
mucleus of the hypothalamus. While the arcuate nucleus is the most
susceptible brain area, lesions are also conmmonly observed in the

cerebellum, cerebral cortex, hippocampus-dentate gyrus, thalamus,

" tectum, habenula, subfornical organ and even olfactory bulbs (12).

At present, arcuate damage following MSG administration in the
neonstal period appears to be a pﬁenomenbn restricted among mammals V
to rodents (2,4,11,12,17,21). The "M3G lesion” in the rodent hypo~
thalamus is of considerable interest because o_f. its potentiai use aAs’ a
means of ablatiné the arcuate nucleus for various neuroendocrine a.rid
neuroanatomical studies (25,26). Although one laboratory (18,20) has

reported hypotha.la.mic damage in the neonatal monkey following high

 doseges of M3G, no other investigators have been able to confirm this

finding (1,16,27,32).

To elicit brain lesions, MSG has to be ad;ninistered in high dosages
(2,'11,11,12,17,21) which probably render the experimental animals hyper-
natremic., Since MSG contains both éodiwjgnd glutamic acid, lesior.gs
could result from either glutemate or sodium or bbth moieties acting
in eoncert. To test these possibilities, we examined the effects of

. glutamic acid hydrochloride and of sodium chloride at concentrations
equinolar and hypex:osmolar to those of M3G known to produce brain damage
in neonatzl mice. Further, we studied the cffects of similar concen-
tretions of sucrose to determine if hyperosmolarity rer se plays'a

cansative role in the production of rouse brain lesions.



MATERTAL AND METHODS

1. Animal dosing.

All nmice used in this study were ICR or A/JAX-ICR hybrids between
Lk and 12 days of age. Conpounds were adnministered orally via stomach
tube. After treatment, mice were isolated from their dams but kept
warm on a warming table until the end of the treatment interval, usually
2% to 5 hours.

Sodium chloride as a 10% solution (w/v)- was administered at dosages
equimolar for sodium to 1, 2, 4, 6, 8 and 10 mg/gm body weight of MSG. -
These equimolar dosages calculate as 0.31, 0.62, 1.25, 1.88, 2.50 and
3.12 mg/gm body weight of NaCl. ‘ ' J

Glutamic a.c:{d hydrochloride was e.dzﬁinistered at 2 and b mg/g,m .bpdy
weight as 2 20% solution.(w/v). -

Sucrose as an 80% solution (w/v).was administered at dosages equi-
molar to k4, 8 and 10 mg/gm body weight of MSG. These equimolar dosages
calculate as 1.6, 29.2 and 36.5 mg/gm body weight of sucrose.

2. Preparation of brains for light microscovy.

Brains were fixed by immersion in either 10% or full strength
formalin. Following routine dehydration and embedding, sections 6 to 8 n
thick were cut and stained'with Cresyl Echt Violet solution. All brains
werc cut and aralysed serially in the sagittal plane which included
olfactory bulb to cervical spinal cord.

. Prevaration of brains for electron microsceny.
) Yy

Mice were perfused with L% glutaraldehyde end 3% paraformaldehyde
in 0.1M phosphate buffer (pH 7.3) via a sharp cannuls inserted into the
left ventricle. Semithin (1 ;.1) sections stained with Methylene bluza «=-

Azure II were examined in the s2gittal plane from blocks discected to
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include diencephalon-midbrain levels. Details on the methods employed
in "this study can be found in a previous paper (12).

k., Sodium determinstions.

In order to compare plasma scdium levels, 15 infant mice were dosed
with NaCl equimolar to 4 mg/gm body weight of ¥SG, 36 mice were dosed
with 4 mg/gm body weight of MSG and 14 mice were dosed with distilled

water to serve as controls. All infants were etherized 15 minutes

- after dosing, the chest opened and blood withdrawn from the beating

left vehtricle with a heparinized capillary tube. DPlasma samples from

two or three mice were pooled to insure adequate volume for sodium
determination by autoanalyzer.



RESULIS

Data were obtained both frcm serial pe.raffiﬁ sections a.nd 1n plastic
(epon) sections. In enalyzing paraffin sections for saline or sucrose
lesions, the same criteria were used as those esta‘blished for MSG damage:
an area showing abundant pyknotic naclei a.ccof'npa.nied by edema of the
neuropil. The word "lesion" is used to specify brain damage involving
neurons and the neuropil as being distinct from brain damage involving

changes in the blood va.sculatu.re. Careful use of control sections ‘wa.s

necessary to avoid miginterpretati ons espec:tally in young brains. Epon

gections through the diencephalon-midbrain and cerebellun vere used for

"‘agsessing glutamic acid hydrochloride effects.

 GLUTAMIC ACID HYDROCHLORIDE

Glutanmic acid hydrochloride et a level of k mg/gm was found to be
Jethal to most enimals, Dosages of 2 mg/gtn a.lso resulted in 54% lethality.
At 2 mg/gm, ten of eleven animals ‘sustained lesions in the arcuate nucleus
(Table I). Other susceptible regions included preoﬁtic nucleus, pretectal
area, tectum, subconmissural organ, subfornical organ (Fig. 1) and .
cerebellum (Fig. 2a,b).< The arcuate nucleus from one animal examined

with the electron microscope exhibited neuronal ané. neuropil damsge

similer to that found after administration of ¥SG.

SODIUM CHLORIDE
Fifteen infants (7-9 days 0ld) receiving sodium chloride et dosages

equimoler to 1, 2 and h mg/gm of I5G did not exhibit lesions in the

arcuate or preoptic nuclei or in any other brain area. However, when 5

day old nconates were given & h n'.:;/gm equimoler dose, a single aninnal

exhibited extensive lescions in many areas of the brain (Table II) but
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again none in the arcuate-preoptic area. lesions in this neonste consisted

(3

! ' of pyknotic nuclei which in most but not 2ll instances were coupled with

edematous neuropil. Damaged cells occurred as foci or bands within
cerebral cortex, caudate-putamen, cerebellun, habenula, denteate-hippo-
campus and thalamus. Since this severe damage was observed only in a

five da& old mouse, further experiments using higher dosages of sodium

_chloride wvere performgd on animals 3 to 6 days old.

At 6 mg equivalency; three out of six animals sustained neuronal'

-lesions (Tabie I). At 8 and 10 mg equivalenéies, the incidence of

enimals with lesicns increased as did the number of structures per brain

~ vinich contained lesions. 'Susceptible brain areas, however, weie génerally

consistent with those seen in the gingle Y mg equivalenéy animal (Table II).

The major new structures lesioned at 8 and 10 equivalencies were tectun

and auygdalae. Midbrain and olfectory bulb lesions were each observed in

only one animal et the 10 mg équivalent dosage. Figures 5 through 9

taken‘from animals at all dose 1eVe1§ ${1lustrate some of the affected

~ brain areas.

Foliowiﬁg oral administration of sodium chloride,~one of the most |
conspicuous changes in the brain was related to the blocd vasculature
(Table I). During preparation of brains for immer°1on flxation, the
presence of gross subdurel hemorrhage was noted in many animals, parti-
cularly those at the higher doses. At the microscopic level, dilated end
oftimes hemorrhagic vessels could be seen in the subarachnoid space
gurrounding cerebral cortex, tectun end cerebellum. The lateral and
third ventricles were vastly enlerged and filléd with distended choroid
plexus as well &8 herorrhegic vessels. The latter wvas especially true

of the thalamic portion of the third ventricle.



Neurona) demuge sometimes occurred in structures bordering hemorrhagiq
ventricular vessels. For example, habenular mucleus, dentate-hippocampus,
pretectal area and thalamus, all of which lie close to the third ventricle,
appeared to be damaged by rupture of choroidal veins and the gresater
cerebral vein (Fig. 9). Dilated and hemorrhagic blood vessels occurred
within these brain régions as well (Figs. 10, 11). In some structures
such as cerebral and cerebellar cortex-and caudate-putamen ﬁo obvious
vessel dilatation was seen. Lesions of cerebral cortex (Fig. 5) radiated
dorsally over the corpus callosum, extending almost uniformly throughout
the entire hemisphere. Pykn§tic nuclei in the cerebellum (Fig. 7) occurred
throughout the internal granular layer of several folia, while‘dilatation |
aﬁd hemorrhage of vessels was most conspi;uous in the vwhite matter of the
medullary core. Caudate-putaﬁen lesions (Fig. 6) most often occurred as
internal foci but wére sometimes found bordering the ventricle. In only
one instance was a lesion found unaccompanied.by observable vessel enlarge-

ment, choroid plexus dilatation or vertricular hemorrhage.. In this case

"the caudate-putamen éontained 8 region of pyknotic cells abutting the

latersl ventricleé.

On fhe other hand, sanimals without neuronal lesions often showed
changes in the appearance of their blood vasculature. Two mice given
L mg/gm equivalency of sodium chloride shcwed diléted subérachnoid vessels
(Fig. 12) as vell as hemorrhage in the fburth‘ventricle; The blocd vascu-
lature of all other animsls given 1, 2 or 4 mg/gm of sodium chloride equi-
valents was normal. In contrast, all animals given 6, 8 and 10 equiva-
lencics of sodium chloride showed patholegical chenges in brain vascu-
lature. At 6, changes were linited to enlarged vessels within brain tissve,

while at 8 &nd 10, in addition to enlarged vessels,the most prenminent

*
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' change was dilataticn of the subarachnoid vessels over cercbellum, tectun

and cerebral cortex and of vessels within the choroid plexus.

SODIUM LEVELS
Mean plasma levels of sodium rose from control values of 130.011.5
(S.E.M.) meq/1 to 150.3%1.0 and 15h.7fo.9 1eq/1 for MSG and sodium chloride-
treated neonates, respectively. Thus, high doses (U mg/gnm) of MSG do
.eleva.te sodium levels to an extent almost equal to that following

administration of equimolar levels of Naci.

SUCROSE '
Sucrose equimolai- tc 4, 8 and 10 ::g/gm-of.MSG was edministered orslly
to0 neonatal mice. In none of the 16 mouse brains exanmined was theré any
eviden;:e of lesions >in the arcuate nucleué or any §ther area of the brain
(Tetle I). All mice did, however, exhibit abnormalities in brain vascu-
lature. At L equivalency, moderately dilsted vessels were seen only in
cerebral coriex and cerebellum. At 8 equivalency, vessels in almost every
"area of the brain were moderately dilated (rig. 3) as were thpse in the
subarachnoid over tectum and cerebellum end in the choroid plexus. At
10 equivalency, massively dilated vessels were epparent throughout the
brein and choroid plexus, with the cerebellum showing the most severe
instances. Subaré,chnoid vessels were extremely dilated over cc;rebral
.cortex, tectun (Fig. 4) end cerebellum. At no dosage wes actual hemorrhage
observed. Most-a.nimals receiving the 10 equivelency dose of sucrose died

~ within five hours.
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~ istered at 1, 2, 4, 6, 8 or 10 mg/gm equivalencies cause arcuate damage,

DISCUSSION

Our findings following administration of 2 rg/gm of glutamic acid
hydrochloride to infant mice confirm a previous rerort (19) of an .
arcuste nuclear lesion and extend the observations to other damaged

areés vwhich lie in close proximity to cerebrospinal fluid (CSF). These

results lend further credence to our hypothesis that MSG damage to

brain structures is mediated by CSF (12).
Oral administretion of sodium chloride was perforrmad at equimolar

concentration to the sodium in MSG in orderAtd establich whether the .' '

~ glutemate or the sodium moiety or both acting in concert weré.responsible

for arcuate nuclear damage. In no instances did sodium chloride admin-

'..but damage to other brain regions did occur. Administering sodium at the

higher dosages (4 to 10 rg/gm body weight equivalencies) :evealed that
aimost without exception "sodium 1esionsf were correlated with blood vessel
dilatation and/or hemorrhage.

Hypernatremia is of grave clinic#l concern. There are numerous reports
of high serum sodiun levéls in infants arising from dehydration, anorexia
or aécidental salt poisoning (7,22).. Mass salt poisoning, in ﬁhich six
infants died, occurred in a newborn nursery vwhen salt was accidentally
substituted for sucrose during formula preparation 8). - Maternél deaﬁh
following the infusion of hypertonic saline into the amniotic sac to
induce abortion became §6 prevalent in Japan (196.6 pef 100,000 éases)
that the technique was abandoned by the Japanese in 1550 (31). Recently,
three deaths resulting from intra-smniotic instillation of saline were
reported in Englana (5). ‘Ncuropatholoéical deseriptions of the infant (8)

and edult brains (5) indicated widespread vascular danage including



capillary and ven;us congesticn and subarachnoid hemorrheges. Neuronal
necrosis of mmerous regions including fatel acute hemorrhagic infarction
of the amygdaloid nuclei and of the pons vwere reported in the adult brains.
Hypernatremia has been induced in experimental animals ususlly by the
injection or infusion 6f hypertonie séline sclutions. Marked subdural
hemorrhages were found in kittens (9,13) and petechial hemorrhages in
cerebrum and cercbellum were characteristic of rabbit brains (28). Thus,
there are marked similarities in the nature of the vascular'damage .
resulting from hypernatremia in mman adults and infants and in experi-
mental animals. '

' Most striking in the current experimeznts is the fact that doseges of
sodium dhloride eliciting brain damage in neonatal miqe were lower than
those 1eveis reported from other experimental studies or those determined -
- after accidental salt poisonings. The mice receiving;sodium chloride
equivalent to 4 to 10 mg/gm of MSG were deriving 0.02 to 0.05 meq/gm of
sodium. The kittens were given 0.525 meq/gm (9); the rabbits (28)
received 0.06 to C.17 meq/gm total dose. It should be noted further that
saline was infused or injected in these experiments, in comparison to tﬁe
infant mice dosed by stomach tube where movement of ions into the blood-
stream can be expected to be somevwhat slower. Data as to thé amounts of
- salt-containing formula consumed are not available from the mass nursery
poisoning (8). However, another case report (7) of accidental selt poi-
soning pcrmifs calculation of sodium intake as between 0.11 and 0.15 meq/gm.
This infant survived but with severe brain demage.

Determinaticn of plasma sodium levels in néonafal mice t:eatéd with
MSG or cquimolar sodium has éstablishgd that hypernztremie does indeed
result from the cral loczds given. However, the extent of hypernatremia in

the neonztal mice, an increase of 20 to 25 meq/l of plaswms sodium, is



relatively modest. Serum sodiua levels for the kittens averaged 195 (9)
and those for the rabbits, approxirately 200 meq/l (28). Amazingly,

one infant who displayed aéute neurologic symptoms Gerived from salt
poisoning yet survived was found to have a plasma sodiwn level of 27k,
others ranged from 162 to 205 meg/1 (7,8). |

Our observations in neonatal mice add to the spectrum of brain
vasculature damage already described. At sodium levels ranging from
0.02 to 0.05 meq/1l, internal hemorrhaging wes found not onl& in the
cerebellar vhite matter but also in such structures as fornix, choroid
plexus, tectum, thalamus and spinal cord. Ma;sive hemorrhege of Qessels
in the thalaﬁic portion of the third §Entriclé was also noted. Thne
distention and breskage of subarachnoid and large intracranial blood
vessels haé usually been ascribed fo & reduction of cerebrospinal fluid
pressure combined with brain shrinkage (10).

Conspicuously lacking, however, has béen'éctual assessnent of the
brain for specific areas of neurcnal damage resulting from dessication.
‘Such Xnowledge might explain some of the behavioral éymptoms and irrever-
sible brain damagé described in cases of hypernztremia whether caused by
salt poisoning or dehydration. In the neonatal mouse, the most frequently.
and extensively damaged areas were the caudate-putanen, cerebral cortex
and cerebellum (Table II)}. At the highest dosages, these Structures were
entirely filled;with pykhotic neurons and edematous neuiopil. Had these
animals been allowed to survive, extensive loss of function controlled
by these areas would te anticipated. Thus symptoms such as tremor, ataxia,
changes in the EEG and-possibly convuléions'observed in the poisoned |
huzan infants (7,8) and in animal experirents (9,28) might be partially
explainred, Previoﬁsly reported syrptoms such aé’lefhargy,.vomiting end

4 -



'hypefirritability (7,8) exe less easily related to those areas of mouse
bfain containing massive neuronal lesions.
Hyperosmolarity can alter the blood brain bﬁrrier to permit entry
of & molecule as large as trypen blue into the brain in adult rat (6)
and cat (23). It has been postulated that sodium chloride, urea and
sucrose at hypertonic levels "break down" the blood brain barrier (24)
by ceusing endothelial cell shrinkege with the resultant opening of
tight junctions (30). This process has been visualized with the eleétron
microscore after infusion of hyperosmolar urea into rabbits 3).
Interestingly, the blood brain barrier in alllﬁreas of cerebral cortex
was not found to be equally susceptible to disruptiod‘by hyperosmolsal
solutions. It thus seems likely thet demage to the brains of the neo-
ﬁatal mice in the present study is of at least two derivations. First, -
aress of mouse brain exhibiting pyknosis and edema in‘the absence of
herorrhegic vessels (cavdate~-putamen, cerebellar cortex, cerebral cortex)
probably reflect a localized "opening" of capillaries, arterioles or
venules at the endothelial level. Sodium entering'ﬂhe intercellular
spaces results in neuronal dessication and cell death since it does not
?eadily enter neurons (30). Other areas of mouse brain, hoﬁever, exhibit
damage more likely attributable to anoxia—ischemia; For exaﬁﬁle, the
thalemus contained heworrhages throughout along with general tissue -
-necrosis &t the highest saline dosages. Further, thalaﬁic, haﬁenular,
. pretectal and hippccarpal lesions appeared most se#ere vhen ruptured
vessels were found in the thalamic portion of the third ventricle.
Generalized brain shrinkage occurred in thé idce receiving sucrose

but pyknosis and edems were not observed at the cellular level. These.

. resulls probably reflect the fact that hyperosmotic glucose, like sodium, -

1k
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" opens the blood brain barrier (30) and penetrates into the neuropil.
However, unlike sodiwm, glucose enters neurons more readiiy and thus
does not cause such severe neuronal dehydration, That a certain degree
of cellular dehydration does occur is evident from the enlarged blood
vessels found in sll animals receiving hyperosﬁolar dosages of sucrose.
Neurologic dysfunction associated with hyperglycemia is well-known (1h)
and has recently been reported forvhyperosmolality followiné gelactose
ingection as well (15). Recently, accidental glucose poisoﬁing of a

6 year old child was reported (29). Severe brain damage ensued vhich
was attributed to anoxia, acidosis and hypertﬁermia; sequelae of the
hyperosmolality. Few infant mice survived the higher sucrose dosageg.
Becsuse neither vascular hemorrhage nor marked neuronal damzage was
observed, death way heve resulted from metaboiic disorders acc&mpanying

hypertonicity such os hypotension and acidosis.
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- . - - -+ - - CONCLUSIONS

while hypernatremia is induced in neoratal mice at the highest
doéage of MSC used to elicit neuropathologic changes, glutamic acid
hydrochloride elicits the same pattern of brain lesions as does MSG.
Therefore, hypernatremia is not necessary to open the blood brain
barrier for glutamate-induced neuronal lesions. Sodiunm chloride,‘
although not causing arcuate nucleus lesions, is capable of causing a
wide spectrum of damage in the neonatal mouse brain, at lower levels
k0.02-0.05 mgq/l) than previously recognized. - Glutamic acid and sodium
cause brain lesions often in the same structures but their pattern of |
brain damage differs, probably as a result of different routes of eﬁtry
intq thé brain. Glutamate, or more probably one of its metabolites,'
daﬁages cells gl&se to ciréulatiﬁg cerebrospinéi fluid, ﬁhilé hyﬁértonie
galine egresses into brain tissue from éapillaries, arterioles and |
venules. Neuronal damaéé following MSG administration tends to radiate
1nward within structures in contact with circu;ating_CSF. Lesions
folloving sodium chloride ingestion present themselves as foci or bands

occurring throughout a given structure. Sometimes neuronal necrosis

accompanies hemorrhagic vessels within a structure, a phenomenon not seen

following ISG administration.

A high'rate of animal mortality followed hypefosmolality induced by

-gucrose loads. Brain shrinkege and extensive vaccular dilatation, unaccom-

penied 5y marked neuronal dehydration were the major neuropathological
observations.

Finally, wnile neither hyperozmolarity nor hypérnatremia is cepable
of.eliciting the patferns of 1esions~éorre1ated,with ¥3G ingestion, either

condition can result in severe vasculecr changes in the neonatal mouse brain.
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TARIE I

Compounds Administered

| Dosage " Age in Days

Glutemic Acid Hydrochloride

2

mg/gm bedy 7-9
weight

Sodium Chloride
"(equimolar dosage to mg/gm MSG)

1 6
2 6
b 5-9
6 S35
8 35
10 5-6
Sucrose;

Ratio Animals
Showing ILesions¥*
to Animals Treated

10/11

o/

1/12
- 3/6

5/13

9/13

(equimolar dosage to.mg/gm MSG)

4 8-12
-8 6

10 T

*

Neuronal damage only.

o/10
of5
: O/l'**

Ratio Animals

Showing Vascular
Abnormalities to
Animals Treated

< of4

3/12
5/6
13/13
113/13

10/10
5/5
11

*¥¥% 5 znirals vere dosed at this level; only one survived the five hour

interval prior to fixation.
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Neonatal Mice with Lesions Following NaCl Treatment

TABLE II

Dozage equinolar to mg/gn body weight of MSG
6 . 8

Brain Structure 10
Hypothalanus (srcuate, 0/12% 0/6 0/13 0/13
preoptic nuclei) | ' S
Ceudate-putarmen 1/12 3/6 4/13 9/13
Cerebellum 1/12 1/6 5/13 9/13
Cerebral cortex 1/12 1/6 3/13 "8/13
Habenula 1/12 B 3/13 - 6/13
Hippoceampus- 1/12 | e é/13 -3/13
dentate . )
Thalamus 1/12 - 1/13 313
Tectun — 1/6 1/13 3/13
Amygdsla -—= ——- 1/13 2/13
Olfactory bulb ——— - - 1/13
Midbrain —— —— ——— 1/13

# TFigures given represent the number of animals with 1esion§ in

relation to the total number dosed.



 Figure 1.

Figure 2.

-Figﬁre-3.
?igure ﬁ.
Figure 5.
Figure 6.

Figurg 7.

Figure 8.

Figure 9}

ENDS

Sagittal section ;f diencepnalon-midbrain of mouse recéiving
2.mg/gm of glutanmic acid hydrochloride. Damage occurred in
arcuate nucleus (AR), preoptic nucleus (?O), subcommissural
organ (SCO), pretectal area (PA) and tectum (TE). 20X

a. Lesions in cerebellar folia after administration of 2 mg/gm
of glutamic acid hydrochloride. 88X |

b, Higher magnification of a portion of t%e cereﬁellar folium
showing swollen Purkinje cells and-edematous neuropil. 280x
Dilatation of blood vessels in meduilary core of cerebe;lqm

after administration of 8 equivalencies of sucrbse, 75X

‘Magsive dilatation of subarachnoid vessels Sver tectun after

10 equivalencies of sucrose. 60X

Cerebral cortex showing neurénal pyknosis and edema of neuro-
il from mouse given 8 equivalencies of sodium chloride. 60X
Pyknotic neurons almost entirely £i11 the caudéte—putﬁmen of
mouse'feceiving 10 equivalencies of sodium.chloride. 56X
ﬁxtensive neufonal pyknosis of internal grahular’layer of
cerebellar folia'of house recéiving 10 equivalehéiés of
sodium chloride., 9kX

Néur;nal degeneration and edema of neuropil in thalaﬁus of
méuse rgceiving 4 equivalencies of sodium chloride. 70X
Anoxic-ischemic chaﬁges in habenuia (HA), pretectal area
(PA), thalamus (T) eand hippocampus (HI) arcund a portion

of the third ventricle containing hemorrhegic blood vessels

and dilated choroid plexus. 90X



Figure 10. Portion of the thelamus from en aninal receiving 8 equi-

) valencie.'; of scdium chloride, VWidespreed damage including

. hemorrhage (arrows) has occurred. 80X

Figure 11, Higher magnif:.cation of the hemorrhage seen in Fig. 10. i60X
Figure 12. Congested and dilated subarachnoid vessels over tectum of ..

neonatal mouse receiving 4 equivalencies of sodium chloride. -

* This mouse had no neuronel lesions. 7TOX
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TABLE I

PLASMA AMINO ACID LEVELS IN LACTATING WOMEN AFTER GLUTAMATE LOADING (Fmo'leS/dl)



PLAS"”’\%MINO"ACID LEVELS

C w2a

3

)

15.9 £ 2.14

TIHE \ofin) TAURINE THREONINE St PROLINE CITRULLINE __GLYCINE
MSG WITH WATER (n=4) gmoles/100 ml

0 §.10 £ 1.16  13.9 + 3.43  17.7 £7.87  40.2 £ 25.5  4.07 £ 0.85  28.6 + 2.62

30 4.96 + 0.28 14.6 £ 3.20 20.8 +3.71 . 36.0 + 24.0  3.59 + 1.06  39.6 + 11.1

60 5.1+ 1,15 13.0 £ 3,12  15.7 £+ 0.78  31.8 + 18,7  3.12 £ 0.38  39.8 + .20.1

120 4.07 £ 0.84 12.3+3.81 17.3+2.66 31.6 +12.8 2.93£0.61 38.9 ¢ 16.1
180 6.91 + 1.75 11.7 +3.81 18.5 +3.76 29.6 + 12.8 2.73+0.80 30.1: 3.78

MSG WITH SLENDER (n=9) o |

0 6.27 £ 2.26 17.3+1.75 20.1 £+6.95 30.1+13.5 4.61 + 1.43  36.6 £ 12.7

60 6.07 +3.22 21.1:7.51 31.1:7.48 53.1:22.9 4.18:1.00 38.6: 10.1

90 5.31 £2.5  23.0 £ 4.91 26.0 £5.46 53.6:20.1 3.98 £0.79 38.8: 10.3

150 6.15+ 2,88 19.5 £5.25 21,9525 35.2£6.99 4.01£0.87 32.9 ¢+ 14.3
210 7.40 2,29 16.2 +2.51 20.1+2.81 37.3+16.6 3.96 +0.67 32.7 £ 9.55

LACTOSE WITH WATER (n=4) | |

0 2.85 + 1.80 14.8 + 1.58  20.9 +5.67 18.0 6.3  4.03 £+0.45 25.2 + 2.81
30 3.28 £0.90 17.5 £0.85 18.7 +3.05 . 26.3 +11.1 3.79 £ 1.00 = 26.4 + 30.0:

60 2.00 +0.45 - 19.8 +5.23 19.7 £5.03 28.3+4.75 4,38 +1,09 38.4% 6.13

90 2.45 + 1.00 17.2 £ 7.94  18.0 £ 3.51  31.5 £ 3.73  3.27 + 1.74  24.6 + 11.5

150 3.82 £2.10 12.5 £ 7.41 _ 13.6 £8.3%  27.4 £ 8,51 3.11%1.46 19.2: 7.12
210 3.89 £ 0.11 18.7 £2.70  24.7 £2.86  4.01:0.97 24.5: 4.8



PLASMA FREE AMINO ACID LEVELS

et

m )in) ASPARTATE GLUTAMINE | )I'AMATE ALANINE
MSG WITH WATER (n=4) umoles/100 ml
0 0.32 + 0.16 61.9 + 16.8  3.90 % 1.70 53.1 ¢ 13.3
30 1.04 + 0.92 68.0 £+ 7.10  13.0 + 10.1 50.6 + 11.4
60 0.54 + 0.31 62.4 £ 5.80  7.50 + 4.80 46.6 + 5.60
120 0.70 + 0.40 65.9 £ 14.9  5.10 & 2.70 47.3 + 10.5
180 0.45 £0.25  62.4 +8.07  4.75 £ 2,31 40.5 + 10.5
MSG WITH SLENDER (n=9) |
0 0.64 £0.27 - 61.0 £3.70  4.34 £ 0.70 42.5 + 6.32
60 1.28 & 1.42 70.5 £ 14.7  7.05 + 2,70 68.1 + 19.6
90 1.27 + 1,24 72.1 £ 14.0  9.23 £ 5.34 57.3 ¢ 12.1
150 1.84 + 1.45 65.0 + 10.4  11.8 + 8.20 50.3 + 10.4
210 1.32 £ 0.80  59.6 +8.31  10.2 + 7.99 46.8 + 6.95
LACTOSE WITH WATER (n=4)
0 0.43 + 0.14 69.7 + 16.6  4.00 + 0.97 40.5 + 6.60
30 0.65 + 0.07 83.6 £ 8.70  4.10 + 0.28 48.3 + 6.70
60 0.39 +0.10 76.4 + 4.60  3.70 & 1.40 46.3 + 10.0
90 0.56 + 0.26 65.0 £ 16.6  3.80 £ 1.90  41.7 + 11.4
150 0.61  0.26 71.2 £ 10.9  5.70 + 4.40 35.1 + 3.50
210 0.26 + 0.10 63.0 + 14.1 ~ 3.20  0.56 35.9 + 4,00




PLASV"T:yINO ACID LEVELS

3

'i:)~

a-AMINOBUTYRATE _ VALINE

ISOLEUCINE

Tie (i) LCYSTINE _ WETHIONINE LEUCINE.
MSG WITH WATER (n=4) pmoles/100 ml '
0 1.83 £0.95  20.1%4.55 7.52%1.95 1.86%0.77 4.32: 1.29 6.99 + 3.17
30 2.73 0.9  17.9 £ 1.61 8,92 + 1.47  2.20 £ 0.29  4.45 & 0.3  6.69 £ 1.57
60 2.06 £0.66  14.4 £ 1.60 8.48 £ 1.47 170 + 0.47 3.41 + 0.67 5.84 £ 1.29
120 2.15 £0.78 16,8 £1.91 8.57 £ 1.65 1.910.31 401+ 0.32 5.98 £ 1.25
180 2.94 £0.81  20.1+3.81 8.61+171 155038 415z 0,67 5.171.75
MSG WITH SLENDER (n=9)
0 2.87£0.76  22.4+3.8] 8.68+1.79 2.81%0.3% 6.42¢ 0.3 12.8 £2.01
60 3.43£0.80 34,0831 10.3:1.98 540+ 1.55 12.1% 3.95 24.8%7.10
90 3.28+0.75  34.0£6.20 9.50 £2.44 5.23£0.83 1.4+ 3.3  22.7 * 4.08
150 2.5 £0.49  29.0 +4.41 8.88+3,33 3.90£0.48 7.37: 1.8 16.4 £ 3.17
210 2.62+0.59 255 £3.32 7.43%1.50 2.51:0.49 5.60+ 0.67 12.8 £ 0.81
LACTOSE WITH WATER (n=4) | |
0 - 1.85 £ 0.3  22.3+1.19 7.531.57 2.33:0.12 6,10 ¢ 0.77 12.5 £ 1.23
30 2.13£0.27  28.86.81 8.33+2.24 3.18%1.31 9.00% 2.31 15.1%5,15
60 1.48 £ 0.24  32.4+2.85 7.98 3,31 3.80 +1.40 9.82+ 3.41 21.7  6.58
%0 1.73£0.62  25.5£13.4 7.9 £2.29 3.8+ 174 775 3.29 17.6 + 8.11
150 1.25 £0.71  17.9 £ 10.1 8.55 £2,97 2.05 + 1.01  4.89 & 2.59  12.1  5.06
210 2.03 £0.81  29.4+3.55 7.84£210 2.61:0.20 649+ 6.06 14,1 1.27



PLASMA AMINO ACID LE

VELS

«ha

TIVE (min) TYROSINE PHENYLALANINE __ ORNITHINE CYSTRE HISTIDINE ARGININE
MSG WITH WATER (n=4) pmoles/100 ml
0 6.24 +2.30 5.72 + 1.68 11.7 £ 2,02 18.6 £2.76  8.49 £ 1.91  4.71 £ 1.57
30 6.69 + 1.25  6.09 + 1,14 12.2 £ 1.79  20.3 + 1.40  8.91 + 0.69  6.29 + 1.96
60 5.84 + 2.09  5.69 + 1.38 12.7 £ 1,09 17.1 +0.79 7.51 +1.19  6.24 + 1.14
120 5.98 + 0.89  5.55 + 0.85 11.2 + 1,11 18.6 + 1.28  7.78 £ 0.27  5.83 + 2,07
180 5.17 + 0.61 5.00 £0.72  11.3 £2.75 18.4 £0.99  7.19 £ 1.15  5.08 £ 1.15
MSG WITH SLENDER (n=9) |
0 6.99 + 1.51  6.57 + 1.18 12.8 + 3.00 23.2 + 4.01 8.61+0.83 7.24 +1.72
60 13.9 + 4.40  10.4 * 3.24 15.9 £ 3.63  37.1+10.3 11.0 :+ 1.44 12.4 + 3.81
90 13.8'+ 1.73  10.1 # 1.81 16.5+4.20 37.0£7.86 10.5+1.29 12,2 £2.94
150 0.5 +°1.96 7.36 £ 0.79  14.7 +3.83 27.6 +7.30  8.45 £ 1.37  8.75 + 2.90
210 8.9 + 1.01  6.50 ¢ 1.31 15.4 £ 3.74  22.7 + 4.41  8.40 + 1.33  6.98 = 1,49
LACTOSE WITH WATER (n=4)
0 6.13 + 1.81  5.76 + 0.42 11.9 £ 0.75 25.4 £9.30 998 + 2.60  6.58  2.17
30 8.30 + 2.99  6.71 +2.18 12.1£1.19 26.3+1.88 9.31+1.00 6.39 1.8
60 11.8 + 2,57 8.8 + 1.69 15.3£3.99 35.0 +12.8 12,9 +4.51  10.6 * 3.90
90 10.0 + 3.30  7.35  3.51 14.9 £ 1.40  40.1 £ 10.0 13.2 + 4,55  10.5 £ 6.15
150 6.44 £ 3.71  5.73 £ 2.31 13.2 + 1,01  36.8+5,92 9.85 £ 1.11  6.74 + 4,51
210 6.87 + 1.44  6.01  0.48 12,7 £ 1,31 26.1+7.77 9.49 £1.17  7.27 £ 3.91



TABLE 2

BREAST MILK FREE AMION ACID LEVELS IN LACTATING WOMEN AFTER GLUTAMATE LOADING
pmoles/100 ml



-

BREAST MILK FREE AMINO ACID LEVELS IN LACTATING HOMEﬁ%“(ymo]eS/IOO ml milk)

{"“\JEEELJHOURS) LACTOSE WITH WATER MSG WITH SLENDER MSG WITH WATER
CYSTEIC ACID ; | :
0 1.80 + 1.02 2.26 +1.93 2.24 £ 1.38
1. 2.12 + 1.61 3.12 + 2,18 - 2.55 + 2,39
2. 2.08 + 1.28 3.38 + 1.00 1.76 + 1,22
3 1.92 + 1.30 2.50 £ 1.50 2.09 + 1.57
4 1.92 + 1.04 3.03 + 1.72 1.96 + 1.3
6 2.65 + 2.32 1.61 + 0.73 146%%%;1.57
12 1.33 + 1,37 - 1.73 £ 0.91 0.70 4,35
TAURINE . :
JAURINE f o
0 35.7 + 17.8 29.8 + 9.40 - & \(:Ezggj} 8.63
1 49.3 + 20.9 28.9 +13.1 ' 314 + 11.7
2 42.8 + 13.6 3.6 + 14.6 25.7 + 10.4
3 37.3 £ 13.8 33.8 + 10.6 27.8 + 6.67
4 40.0 + 21.1 32.2 + 12.6 28.6 + 13.1
6 40.9 + 10.3 33.9 + 12.3 28.9 + 7.44
12 48.9 + 17.7 33.7 + 11.0 28.4 + 16.1
ASPARTATE
0 2.96 + 1.15 2.91 +1.11 2.93 + 0.9
1 3.01 + 0.50 2.73 + 1.48 4.99 +2.90
2 4.02 + 1.63 | 5.29 + 2.24 8.59 + 2 8i
3 3.93 + 0.49 8.59 + 4,18 ©1.94 £ 2,55
4 4.70 + 4,37 8.29 + 4,74 8.72 + 5,27
6 4.33 + 1,98 10.6 * 1.51 8.61 + 3.01
12 4.85 + 2.05 5.99 + 2.98 8.42 + 2.07
THREONINE :
0 . 8.71 + 2.66 9.65 + 3.16 : . 5.72 +2.24
1 10.7 + 2.67 7.89 +2.75 6.15 + 0.80
2 10.0 * 2.56 10.9 + 4,22 6.52 + 1.10
3 9.82 + 2.49 11.3 + 3.33 6.30 + 1.20
4 10.6 = 7.71 9.85 + 4.16 6.49 + 1.69
6 8.93 + 3.69 12.5 + 3.47 7.48 £ 1.93
12 10.4 + 4,96 8.37 t 3.17 i 9.45 £ 4.03
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TIME (HOURS) LACTOSE WITH WATER MSG WITH SLENDER " 'MSG WITH WATER

SERINE
~ 0 10.9 * 4.61 14.3 + 4.83 12.8 + 5.30
| 1 14.7 + 4.04  11.5 + 2.04 12.1 + 5.10
2 11.6 + 4.31 13.5 + 3.95 13.1 £ 5.91
3 12.1 + 2.58 1 19.0 + 8.25 11.6 + 6.36
4 13.2 + 5.59 14.1 £ 5.73 16.5 + 4.60
6 13.8 + 5.68 16.1  2.21 14.8 + 4.44
12 18.7 + 5.09 ' 11.0 + 4.78 16.5 + 11.8.
GLUTAMINE | '
0 79.5 + 44.5 51.8 + 27.2 34.3 + 19.1
1 79.9 £ 55.1 42.4 + 16.2 135.8 + 19.8
2 68.7 + 35.5 44.5 + 12.7 55.1 + 20.3
3 62.6 + 34.0 57.0 + 19.8 52.5 + 18.0
4 67.3 + 37.2 53.4 + 22.4 $3.9 + 7.7
6 70.6 + 38.0 88.1 + 27.5 51.0 + 11.9
12 '85.1 + 34.1 57.9 + 23.0 47.3 + 12.7
© GLUTAMATE
0 128 * 36.6 146 +51.1 107 * 61.0
N1 147 *27.1 118 + 39.7 113 *27.3
2 145 * 16.2 128 + 50.4 126 +17.1
3 167 +51.0 150 + 34.1 153 + 66.7
4 175 + 49.2 161 + 53.8 145 * 16.4
6 159 + 89.5 182 + 28.0 157 + 35.0
12 161 * 34.1 159 * 32.3 181 * 32.0
PROLINE
0 4.30 + 4.01 2.47 +1.55 - 4.08 + 0.85
1 2.87 + 1.27 2.37 + 1.62 4.48 + 1.13
2 2.76 + 1.74 ' 3.17 + 1.22 | 3.69 + 1.59
3 4.50 + 2.75 T 2.84 £ 1.44 5.43 + 3.78
4 2.58 + 0.63 3.74 + 1.83 2.24 +2.10
6 2.81 ¢ 1.27 2.14 + 1.15 3.44 + 1.99
+1.88 2.76 + 1.42 "~ 3.14 * 0.83

12 4.73



TIME (HOURS) LACTOSE WITH WATER  MSG WITH SLENDER MSG WITH WATER
CITRULLINE : '

N o © 1.33 £ 0.58 1.66 + 0.75 158+ 1.22
| 1 1.31 * 0.54 1.17 + 0.40 1.27 + 0.84
2 1.25 + 0.44 1.52°+ 0.74 1.64 + 0.76

3 1.08 + 0.40 » 1.47 £ 0.47 1.25 + 0.82

4 1.19 + 0.68 1.18 + 0.32 1.47 + 0.87

6 1.39 + 0.11 . 2.40 + 0.48 1.48 + 0.81

12 1.43 + 0.74 1.39 + 0.61 1.80 + 0.57

GLYCINE |

0 7.52 + 1.98 8.89 + 2.22 9.83 + 5.60

1 8.48 + 2.31 ' 8.63 + 3.05 11.6 + 3.21

2 8.98 + 3.80 ©9.15 £ 3.35 11.8 + 3.82

3 10.1 + 4.25 10.3 + 3.77 11.7 + 3.47

4 10.9 + 3.88 9.83 £ 3.19 = 14.1 + 4.04

6 | 10.3 + 5.00 13.5 + 2.55 11.7 + 2.99

2 9.40 + 5.80 © 9.89 2,53 11.9 + 1.96

ALANINE , -

~ 0 17.5 + 7.41 16.0 + 6.01 16.5 + 6.31
| 1 22.7 * 6.11 22.4 + 4,63 22.4 + 6.82
2 23.4 + 5.22 30.1 £ 9.11 30.1.+ 6.63

3 23.4 + 5.34 29.8 + 9.8] | 29.8 + 7.52
4 20.9 + 10.9 31.0 £ 10.3 31.0 + 5.64

6 26.1 + 12.9 35.1 = 7.81 £ 35.0 + 6.11

12 33.1 + 10.4 35.0 + 10.8 35.1 + 3.69

(- AMINOBUTYRATE

0 3.19 + 2.54 1.44 * 0.54 1,12 ¢ 1.19

1 1.45 + 0.82 0.95 + 0.41 1.02 + 0.89

2 1.35 + 0.51 1.32 £ 0.57 © 1.22 £ 0.66

3 1.43 + 1.00 1.58 + 0.68 2.75 + 2.43

4 1.62 + 0.92 1.63 £ 0.81 1.50 + 1.06

6 1.5 + 1.12 2.06 £ 0.37 1.34 + 1.23

12 1.70 + 0.90 1.53 + 0.48 1.28 + 0.50
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" TIME_(HOURS) LACTOSE WITH WATER . MSG WITH SLENDER MSG WITH WATER

,,-\\VALINE
S o 5.35 +2.40 4.01 + 2.05 3.39 + 2.56
1 5.59 +1.83 3.24 + 1.88 3.65 + 1.60
2 5.15 + 1,20 ', 4.41 + 2.14 . 3.56 £1.19
3 5,81 + 1,93 5.43 + 1.56 3.69 + 2,01
4 6.32 +2.18 5.78 + 2.92  4.04 +1.45
6 6.17 + 3.98 " 5.99 + 0.50 4.11 + 1.00
12 | 7.40 + 3.38 - 4.61 + 1.60 4.80 + 0.38
3-CYSTINE ,
0 3.85 + 1.62 4.43 + 1.72 3.63 + 1.34
1 4.61 + 1.89 3.65 + 0.90 4.86 + 1.05
2 3.23 +1.30 '3.66 + 1.49 3.48 + 0.58
3 3.76 * 1.63 3.32 + 0.95 5.22 + 3.74
4 3.34 +1.91 3.18 + 1.29 5.18 + 1.78
6 3.33 £ 0.37 3.39 + 1.89 4.91 + 1.08
12 2.86 + 1.36 2.85 + 0.76 3.42 + 0.39
 METHIONINE -
N o 0.41 £ 0.24 0.37 + 0.30 0.29 + 0.19
1 0.49 £ (.02 0.44 + 0.27 0.29 + 0.11
2 0.55 + 0.19 0.57 + 0.33 0.31 +0.12
3 0.45 + 0.20 0.71 + 0.30 0.51 + 0.17
4 0.41 + 0.25 0.47 + 00.18 0.31 = 0.88
6 0.54 + 0.51 0.46 £ 0.16 0.52 £ 0.16
12 0.58 + 0.27 0.87 +0.43 0.71 + 0.32
"ISOLEUCINE
0 0.91 * 0.44 0.76 + 0.44 0.61 + 0.36
1 ©0.85 +0.25 0.77 + 0.33 0.51 + 0.20
2 0.78 + 0.40 0.96 + 0.43 0.54 + 0.11
3 0.93 + 0.43 0.87 +0.38 0.63 + 0.17
4 1.04 = 0.87 0.77 + 0.34 0.78 + 0.10
6 0.98 + 0.51 1.11 + 0.17 0.77 + 0.12
12 1.07 £ 0.75 0.85 + 0.41 0.98 + 0.18



TIME (HOURS) LACTOSE WITH WATER MSG WITH SLENDER MSG WITH WATER

LEUCINE |
_(f—\\ 0 2.90 + 1,14 2.40 + 1.24 1.94 + 1.51
1 3.04 + 0.49 2.32 + 1.16 1.99 + 0.88
2 3.39 + 0.60 3.37 £1.52 2.15 + 0.61
3 3.51 + 0.74 3.63 + 1.16 2.32 + 1.04
4 3.97 + 2.27 3.18 + 1.10 2.68 + 1.01
6 3.85 + 1.95 4.06 + 0.14 2.55 + 1.00
12 3.94 + 1.44 " 2.53+0.97 3.38 + 0.68
TYROSINE :
0 0.92 +0.32 1.15 + 0.63 1.64 * 1.44
1 1.19 £ 0.32 1.21 + 0.57 1.12 + 0.28
2 1.38 + 0.62 1.85 + 0.79 1.33 + 0.37
3 1.32 £+ 0.32 2.19 + 0.69 1.21 + 0.42
4 1.17 + 0.49 2.07 + 0.80 1.13 £ 0.19
6 1.45 + 0.90 2.30 +0.13 1.16 % 0.55
12 1.29 + 0.57 1.42 +0.37 1.71 + 0.78
PHENYLALANINE
/N 0 1.23 £ 0.35 1.22 + 0.56 0.90 * 0.54
1 1.25 + 0.19 1.04 + 0.48 1.03 + 0.20
2 1.41 + 0.28 1.53 £ 0.57 1.20 + 0.30
3 1.44 + 0.20 1.64 + 0.45 1.09 * 0.27
4 1.39 + 0.42 1.46 % 0.55 1.04 +0.28
6 1.55 + 0.42 1.60 % 0.29 1.51 + 0.48
12 1.79 + 0.38 1.55 + 0.52 1.90 + §.58
'ETHANOLAMINE
0 5.32 + 2.08 6.14 + 2.01 6.16 + 2.58
1 4.64 + 2.14 8.13 + 2.96 9.30 + 1.78
2 2.65 + 2.60 8.55 + 2.38 © 6.41 +2.73
3 7.22 + 1.79 6.83 + 3.76 4.23 + 4.56
4 8.61 + 2.24 6.24 * 3.67 10.6 + 1.93
6 4.53 + 3,55 5.22 + 4.28 7.44 +2.11
12 4.01 * 1.91 7.63 + 3.94

3.75 7.95

G



JIME (HOURS)

LACTOSE WITH WATER

' ORNITHINE
0

O W N =

12
LYSINE

N PWw N = O

12
( “HISTIDINE
0

N AW N e

12
ARGININE
0

O W N e

12

D

1.09
1.14
1.25
1.16
1.05
1.19
1.30

+ 4+

+

+ 1+

- O O O O ©

I+

1.81
1.54
1.81
2.01
1.39
3.45
1.81

T T
oMo O o oo

+

3.77 +
4.01 =
2.36 *

3.98 +

0

— N = e e e

.99
.83
.47
.61
.58
.40
.12

.67
.14
.75
.45
.54
.75
.39

.18

.08
.57
.15
.35
.65
.81

.46
<13
.17
.23
.32
.98
.41

MSG WITH SLENDER  MSG WITH WATER
1.51 + 1.06 1.57 + 0.63
0.95 + 0.32 1.93 £ 0.72
1.34 + 0.41 1.58 + 0.44
1.78 + 1.31 1.25 + 0.16
1.73 + 0.81 1.58 + 0.49
1.92 + 1.21 1.88 + 0.33
1.95 + 1.83 0.93 + 0.27
1.58 + 0.52 1.35 + 0.17
1.35 + 0.75 1.73 + 0.64
1.68 + 0.56 1.48 + 0.50
1.85 + 0.77 1.61 * 0.80
1.91 £ 0.71 1.90 + 0.70
1.97 + 0.67 1.55 + 0.75
2.22 + 0.64 2.47 + 0.83
2.66 + 0.99 2.29 + 1,36
2.22 +0.88 2.57 + 1.03
2.74 + 1.14 2.48 + 0.48
2.86 + 0.70 2.53 + 0.98
2.41 + 0.90 2.37 +0.89
2.92 + 0.43 2.33 + 0.79
3.58 + 2.09 3.81 + 1.10
0.93 + 0.25 0.70 + 0.15
0.92 + 0.61 1.08 * 0.59
0.95 + 0.41 0.86 + 0.48
0.97 + 0.36 0.99 * 0.64
1.15 + 0.52 1.11 + 0.95
1.14 + 0.37 0.98 + 0.77
1.39 + 1.15 0.82 + 0.43
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Abstract:

Monosodium glutarhate waz administered orally to newborn monkeys at
1, 2 and 4 gm/kg body weight, Plasma glutamate and aspartate levels were
7rapid1y elevated, in proportion to the dose administered. Other amino acid
levels were not affected. Studies using 14C--labeled glutamate demonstrated
rapid conversion of glutarhate into two major ninhydrin-negative compounds
1dentif1e‘d as glucose and lactate. It has been suggested (36) that the
- inability of Reynolds et al. (45) to duplicate the pri;nate lesion originally
described by Olney and Sharpe (35) was due to a ‘failure to obtain adequéte
éirculating levels of glutamate. These data negate this contention. Two of
the neonatal monkeys studied exhibited a decreased glutamate to‘lerance as
marked by elevated initial blood glutamate levels and an abnormal glutamate
tolerance curve. Despite this handicap 1ﬁ handling glutamate, neither animal

developed the neuronal lesion originally described by Olney and Sharpe (35).



Introduction:

It 1s.now generally acceptad that the administration of large quantities
of monosodium glutamate (MSG) to the newborn mouse produces a variety of
neurotoxic effects. These lesions include the retinal lesions first described
by Lucas and Newhouse (2%) and confirmed by other inyestigators (7,14,15,33,42)
obesity (18,25,32,44), neuro-endocrine disturbances (32,44) , possible
léarnlng defects (43), and a massive lesion in the e;rcuate nucleus of the
hypothalamus as reported by Olney and collaborators (32,33. Neuronal necrosis
has been demonstrated in the mouse following either oral (1,6,19,34) or
subcutaneous doses (1,6,29,33) of MSG. Olney and Sharpe ‘reported
production of hypothalamic lesions in the infant rat, rabbit and a single
immature rhesus monkey when MSG was injected subcutaneously at doses
fanging from 0.5 to 2.7 gm/kg (35). Whether lesions are produced in species
other than the rodent is highly uncertain at this point. Arees and Mayér (3),
Burde et al. (6), and Everly (13) have produced neuronal necrosis in the rat.
However,Adamo and Ratnex: (2) were uﬁable to produce lesions in the rat, al;ld
Oser, et al. (37) were unable to produce lesions in either the mouse, rat or
the dog. Nothing more has been written concerning the rabbit lesion since
Olney and Sharpe's reference to unpublished data (3 55 .

"In 1969, Olney and Sharpe (35) reported an extensive MSG-induced
neuronal lesion in a singlé premature primate followling injection of MSG
(2.7 g/kg body weight), noting that the lesion v;ras similar to that described
earlier in the mouse.' Other investigators, however, failed to reproduce this

lesion as originally described(1l,31,45,56)with Reynolds et al.(45,46) reporting
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no neuronal damage in either monkey fetus or neonate after administration of |
MSG from 45 to 125 days of gastation or birth to 14 days of age. Reynolds et al.
(45) did observe artifactual damage similar to that described by Olney and
Sharpe (35) in inadequately perfused brains from control animals. In 1972, '
Olney, et al. redescribed the site and size of the original lesion in the
primate following oral adininistration of large doses of MSG (36). The lesion
formerly designated as extensive and similar to thé mouse lesion was now
reported to involve as few as 50 to 90 cells, and to be seen only in thin
plastic sections of the hypothalamus. At the present time the significance of
the microlesion in the primate is unknown, unconfirmed, and a‘n;aiting further
study. However, the marked difference in the size and type of lesion
observed between the neurologically immature neonatal mouse and the more
neurologically mature neonatél monkey is striking. Olney ‘et al. (36) have
suggested that the differ'ences noted between their studies and those of
Reynolds et al. (45) relate to the enietic properties of MSG’, suggesting that
the monkeys in the latter study may have vomited a substantial portion of fhe
administered MSG dose. The data presented in this paper incluae plasma
glutamate levels following MSG loading in the animals reportc—;d in the study
of Reynolds, et al;(45) and demonstrate the enormous elevations of blood
glutamate which occurred. |

The failure of 1nvesti§ators other than Olney to detect an extensive
neuronal lesion in the newborn monkey administered large oral doses o’f
MSG (1-4 g/kg body weight) (1,31,45,56) has given rise to the proposition

that a metabolite of glutamate or a decreased ability to metabolize glutamate
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may be responsible for neuronal damage in the newborn mouse. In an
attempt to determine what differences if any are found in glutamate metabolism
between the MSG-susceptible mouse and the MSG-insensitive monkey, we
have studied the effect of MSG load on plasma amino acid levels in the
neonatal monkey, and determined the major metabolites of glutamate released
by the liver to the circulation which might affect the brain. We have
administered 3,4-14C glutamate to the newborn animal by stomach tube and
measured the incorporation of glutamate into both a;mino acids and other
metabolites in the peripheral circulation. Major non-amino acid metabolites
have been identified.
MATERIALS AND METHODS

The l-monosodium glutamate (International Minerals & Chemical Corp.)
used assayed at greater than 99.9% glutamate by amino acid analysis. No
other amino acids were noted. The 3,4-14Cc-MSG (international Chemical and

Nuclear Corp.) used had a specific activity of 200 mcuries per millimole

and was diluted with unlabeled MSG as noted. Sequential blood samples
were obtained from each animal at known intervals of time. All infants
were closely observed after dosing. Four animals vomited small amounts
(less than 1 cc) of a frothy, bile-colored fluid at 40, 55, 60 and 71 minutes
after dosing (Table 1). Since considerable time had elapsed since dosing,
and since the vomitus was minimal in quantity , these animals were not
redosed. One infant (MP) vomited approximately 1.5 cc ten minutes after
dosing and was redosed in toto; subsequent vomiting did not occur. Infant
monkeys were obtained primarily from the Primate Breeding Facility, the

University of Illinois at the Medicalr Center; two infants were purchased from
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commercial sources (Table 1). Macaca speciosa and Macaca mulatta

are very similar. Macaca irusis a smaller monkey at birth and in
adulthood, although quite similar generically to the two larger macaque
species.

Monosodium glutamate dissolved in water (50% solution, w/v) was
administered by stomach tube to the infant monkeys, aéed 5 hours to 17 days,
at dosages indicated in Table 1. Ten animals were given glutamate, and
one control animal was given water. The animals were sedated with
pheneyclidin hydrochloride (Sernylan, Parke Davis) at 0.5 mg/kg intramuscularly.
Following local infiltration anesthesia (procaine) a catheter was introduced into
the inferior vein cava by a femoral cutdown. Cerebrospinal fluid samples
were obtained by ventricular ta'p and prepared by the method of Dickinson
and Hamilton (9). Simultaneous radioactivify and amino acid analysis was
carried out by the method of Stegink (49). This technique permits detection
of both ninhydrin-negative and ninhydrin-positive metabolitesj derived from
glutamate. Plasma samples were immediately deproteinized with sulfosalicylic
acid and analyzed promptly or stored at -70°. These conditions prevent
conversion of glutamine to glutamate and pyrrolidone carboxylate and prevent
loss of cystine (10, 39). Amino acid analyses were carried out on Technicon
NC-1 amino acid analyzers using the Efron buffer system (12).

In order to identify the ninhydrin-negative metabolites of glutamate,
two young monkeys (1 year) were given large loads of glutamate (1 g/kg

body weight, 100 pc 14C—glu'camate) . Blood samples were obtained at the
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previously determined peak of radioactivity for tk;e tequired compound. The
ninhydrin-negative compounds were isolated from plasma w‘nicﬁ had been
immediately deproteinized either with ’sulfosalicylic acid (12) or by means

of a Diaflo ultrafiltration cell. | Samples of deproteinized plasma were applied
to an amino acid analyzer column and the eluate collected in 2.0 ml fractions.
The radioactivity profile obtained in this manner was identical to that
obtained using the simultaneous radioactivity amino acid analysis technique.
Fractional collections were then desalted by high voltage electrophoresis (55).

This electrophoretic method gives excellent separation of ninhydrin-negative

acidic metabolites.

RESULTS

The administration of large oral doses of MSG (1 to 4 g/kg body weight)
to the neonatal monkey resulted in the prompt and extensive elevation of
plasma glutamate and aspartate levels (Figure 1). The elevations in plasma
glutamate were roughly in proportion to the dose administered; this
proportionality was less marked for plasma aspartate levels. Plasma‘ levels
of other amino acids, including those which potentially could be derived from
glutamate or aspartate, were essentially unchanged. Plasma glutamate levels
increased 40 to 80 fold from fasting levels (5 umoles/dl) reaching maximal levels
1 to 2 hours after administration, while aspartate levels increased 50 to 90

fold over baseline levels (0.4 umole/dl).
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Despxte marked elevations in plasma glutamate and aspartate levels, no
evidence of a masswe hypothalamic lesion was noted in any of these animals
as reported earlier by Reynolds et al. (45). This is in direct contrast to our
studies in the mouse, where the administration of large loads of glutamate
leads to a massive hypothalamic lesion (19,45). These data suggest that
either the monkey is insensitive to glutamate toxicity.or a glutamate metabolite
formed by the neonatal mouse, but not the primate , may be the cause of the
rodent lesion. |

In order to examine primate metabolism of glutamate, three neonatal
ankeys were administered a dose of labeled MSG in water (1 g/kg bodjt
weight} 10 ucuries 14C) by stomach tube. Sequential plasma samples were
obtained and analyzed using the simultaneous amino acid--radioactivity

technique of Stegink (49). The administration of 3,4—14

C-L-glutamate resulted
in significant incorporation of label into glutamate, aspartate, glutamine and
ornithine as well as two ninhydrin-negative compounds. The two ninhydrin-

negative metabolites of glutamate were isolated and identified using the

- methods described in our study of glutamate metabolism in the 3-day-old pig

(50,52). The compounds were isolated from the plasma by ion-exchange
chromatography and high voltage electrophoresis, characterized as single
compounds, and identified as glucose and lactate by chemical and enzymatic
methods. The data shown in Figure 2 demonstrate the rate of plasma amino

acid and metabolite labeling with time. Most of the radioactivity is found
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in glutamate and glucose with smaller quantities of label found in aspartate,
glutamine, lactate and ornithinz. |

Little increase in plasma alanine levels was noted either by chemical
methods or incorporation of label. These data are in agreement with our
observations in the human (51) and the 3-day-old pig (50,52) which suggest
that glutamate provides little of the ‘carbon structure of alanine in peripheral
plasma after glutamate loading.

The radioactivity in other compounds that are potential metabolites of
glutamate was also measured. No detectable radioactivity was found in
succinate, pyrrolidone carboxylate, malate, citrate or oxaloacetate following
electrophoresis of deproteinized plasma.

Lemkey-Johnston and Reynolds (19) have reported that in addition to the
hypothalamus other brain areas such as the tectum, habenular nuclei, subfornical
organ, dorsolateral 'surface of the hypothalamus, denate-hippocampal gyri,
cerebral cortex, and in the lower medulla, the nuclei gracilis and cuteatus
and area postrema sustain.damage following MSG leading. = In |
these structures the lesion is initiated at the surface and radiates inward,’
suggesting influx of a deleterious agent from the cerebrospinal fluid. We
have examined the amino acid composition of the cerébrospinal fluid of
one monkey given a 1 g/kg body weight load of MSG (10 Pcuries 14C)
using the simultaneous amino acid analyzer-radioactivity techhique. At

the end of 2 hours, samples of the peripheral blood and spinal fluid were
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obtained and analyzed. A comparison of the plasma radioactivity-amino acid
pattern with that found in the cerebrospinal fluid is found in Table 2. ' These
data demonstrate conclusively that, despite elevated levels of glutamate and

aspartate in plasma, neither glutamate nor aspartate entered spinal fluid.

 Only labeled glutamine appeared at approximately the same level in both

plasma and spinal fluid. In direct contrast to the amino acids, glucose and
lactate levels were similar in plasma and cerebros'pinal fluid reflecting their
rapid equilibrium between compartments. These data supporf the hypothesis
of Lemkey-Johnston and Reynolds (19) that the primate responds differently
than the rodent to MSG loads. '

Neonatal monkeys had substantially higher fasting glutamate levels
tﬁan did adult animals (Table 3). Our values on the adult monkey range
from 5 to 10 pmoles/dl, in agreement with the data of Peters et al. (40).
Unusually high plasma glutamate levels were observed in the three youngest
animals studied (Table 3). Plasma glutamine levels were normal in these
animals, indicating that the elevated glutamate was not due to glutamine .
degradation. Kerr (23) has repor'ted serum free amino acids values during the
development of M. mulatta. His method of assay, which does not quantitate
glutamine and glutamate separately, suggest no difference between total
plasma glutamine plus glutamate levels in cord blood from those noted in

older animals. While it is possible that plasma glutémate levels are elevated

at birth and return to normal within a few days, two of the youngest animals



-10-
appeared to have decreased ability to metabolize glutamate. Both of these

monkeys (MH and MG) aad markedly elevated initial glutamate levels and

demonstrated abnormal glutamate tolerance curves following a glutamate load.

The administration of an oral 1 g /kg body weight MSG load to monkey MH
resulted in plasma glutamate levels which rose higher and returned to normal
more slowly than those noted in other animals administered this dose

(Figure 3). Although MH had not been given radioa'ctively labeled glutamate,
it was possible to demonstrate a marked difference in glutamate metabolism.
As shown in Figure 4, the ¢onversion of glutamate into aspartate uses much
of the same pathway required for the metabolism of glutamate to 'cjoz , water
and energy (tricarboxylate acid cycle) and for its conversion to lactate and
glucose (gluconeogenic pathway). Th’e. data in Figure 3 clearly demonstrate
a marked lag in the conversion of glutamate into aspartate for monkey MH.
This is particularly striking when plasma levels at one hour are examined.
Plasma glutamate levels are approximately two times those in other animals,
while plasma aspartate levels are only one-quarter those found in the other
animals. A similar response was noted in monkey MG given a 4 g /kg body
weight load of glutamate (Figure 5). Monkey MG showed an enormous

increase in blood glutamate when compared to other animals given a similar

dose and showed a substantial lag in the conversion of glutamate into aspartate.

These data strongly suggest decreased ability to metabolize glutamate in

these animals.
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In addition to glutamate removed by metabolic processes (Eigure 4), a
substantial quantity of glutamate is removed from circulation by urinary
excretion. Plasma glutamate and aspartate levels are normally maintained
at relatively low levels. When substantial elevations in blood glutamate and
aspartate occur, renal threshold is exceeded, and these amino acids are not
reabsorbed from glomerular filtrate. This is readily demonstrated in Table 4
which shows the radioactivity pattern found in urine' samples obtained three

14

hours after glutamate loading (1 :g /kg body' weight; 10 pcuries C). Nearly

all of the label is found as glutamate and aspartate with only trace quantities
of label present in other metabolites. .

While administration of large doses of glutamate resulted in a ma'rked
elevation of plasma glutamate and aspartate levels, none of the animals
~ studied, including those with abnormal glutamate tolerance curves, showed
evidence of a massive neuronal lesion. It is not knbwn whether these animals
exhibited the "micro-lesion" recently reported by Olney et al. (36) since the
hypothalamus was not serially thin-sectioned in the manner required to confirm
or negate the presence of the newly described lesion.

Although we have measured the response of all plasma free amino acid
levels to glutamaté load, only plasma glutamate and aspartate data are
reported. Small, nonsignificant rises were noted in plasma glutamine, ornithine

and alanine levels following glutamate load. As is obvious from the

radioactivity data (Figure 2) little glutamate is converted into other amino acids.
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Discussion

. Studies of amino acid metabolism in man and experimental animals are
hampered by the high degree of normal biological variation in physiological
fluid levels and by the complex homeostatic mechanisms which control these
levels. The use of a radioactively labeled amino acid allows measurement
of the ret flux of a specific labeled carbon atom but does not differentiate
between the specific compounds involved in its metébolism. A number of

these problems may be minimized through the use of the simultaneous

‘measurement of radioactivity and amino acid composition using the method

of Stegink (49 which distinguishes between incorporation of labél from an

ingested labeled glutamate into other amino acids or into ninhydrin-negative

metabolites.

This method is of greatest value in examining the movement of glutamate
and its metabolites into the spinal fluid. The data obtained in the primate
indicate that neither labeled glutamate nor aspartate appear in spinal fluid
despite elevated blood levels of these amino acids. These data may be of |

particular importance if the hypothesis Qf Lemkey-Johnston and Reynolds (19)

is correct. Their observations in the mouse suggest the influx of a neurotoxic

agent from cerebrospinal fluid. If this hypothesis is correct, the hypothalamus

of the primate may be spared because of failure of glutamate or aspartate to
enter spinal fluid. Most investigators have found there is little if

any net transfer of glutamate across the blood-brain barrier in a
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variety ofnspecies including the mouse (47), rat (27,47), and dog (17).

It is conceivable that glutamat2 may be able to enter the spinal fluid of

the neonatal mouse, It is also possible that a glutamate metabolite is

the neurotoxic agent. Our data indicate ready transfer of glucose and/or
lactate to the spinal fluid. Thus, if extreme elevations of glucose and
lactate occurred iﬁ the mouse, deleterious effects could result. In addition,
preliminary studies in the mouse indicate a totally different hinhydrin— |
negative metabolite pattern in the mouse resulting in the production of at
least two new major metabolites, not seen in the primate (46).

Conversion of ingested glutamate into lactate and glucose b‘y' the liver
is reasonable. Portal blood normally contains high levels of glutamate when
compared to peripheral blood (52) even in the absence of glutamate loading.
This observation indicates that the liver normally converts glutamate into
other metabolites. Indeed the labeling of metabolites is logical whgn one
examines the available metabolic pathways (Figure 4). Ingested glutamate
is rapidly removed from the portal blood by the liver (50,52). Once inside
the liver cell, glutamate enters the mitochondria where it is rapidly converted
into d-ketoglutarate and other tricarboxylic acic cycle combonents . principally
malate and oxaloacetate. Oxaloacetate -remains within the mitochondria,
while malate is able to diffuse out. Mitochondrial oxaloacetate may be
transaminated to aspartate which can be transferred to peripheral blood
resulting in labeled aspartate. Cytoplasmic malate is converted into

phosphoenolpyruvate. Phosphoenolpyruvate may be metabolized in a variety
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of ways depending upon the energy or o_xidation-reduction status of the liver
cell and its precise hormonal balance. In these studies, most of the
phosphoenolpyruvate is converted into glucose, while smaller quantities
pass through pyruvate into lactate. Since mitochondria have sufficient
quantities of .. -ketoglutarate available for ATP synthesis, it is reasonable
that the conversion of pyruvate into acetyl-CoA for oxi;iation in the
mitochondria is decreased, with the majority of phoéphoenolpymvate being
converted into glucose, along with smaller quantities converted into lactate.
The incorporation of glutamate into ornithine, citrulline and arginine occurs
to some degree indicating minimal conversion of glutamate into g'lutamate
. semialdehyde and sﬁbsequently to ornithine.

Conversion of glutamate into alanine does not appear to occur at a rapid
rate. In view of the utilization of phosphoenolpyruvate for glucose synthesis,
there is little indication that alanine formation would be favored by the liver.
Our data indicate the presence of only trace quantities of & —ketoglutarate
and pyruvate in the plasma after the 1 g/kg load. No detectable radioactivity
“was noted in plasma citrate, oxaloacetate, succinate, fumarate or malate
by either high voltage or simultaneous amino acid anaklyzer techniques .

Previous experiments from other laboratories indiéate that ingested
glutamate appears in the portal blood as alanine (26,29,30,41) ., Our data obtained
from lactating women (51) , the 3-day-old pig (50,52), and those reported

for the neonatal monkey in this paper do not directly support this concept.
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Little, if any, ingested glutamate appears in the peripheral plasma as alanine,
as evidenced by both chemical and radioactive data. It is possible that a
portion of the administered glutamate is converted into alanine during passage
through the intestinal mucosa prior to entering portal circulation. This alanine
could be the source of the labeled glucose in peripheral plasma, since alanine
is a favorite gluconeogenic substrate of the liver (24).

We were surprised to note the unusual glutamat.e tolerance curve
observed in the two neonatal monkeys having markedly elevated initial
glutamate levels. All of the available maturational studies in the primate (23),
the human infant (10,16,21}), including the low-birth-weight infant (11, 20),
fail to reéort an increase in plasma glutamate levels during the neonatal
period. Thus, we are unablg to determine if these two animals represent
a normal maturational phenomena or whether they represent an unusual
maturational lag in an enzyme system for glutamate metabolism which
happened fortuitously two times in the course of this study. Certainly the
phenomenon of a maturational lag in enzyme systems metabolizing amino
acids is well known for the human infant, particularly those of low-birth-weight.
Specific examples of delayed maturation induction include: the delay in
enzyme systems catabolizing tyrosine, resulting in the transient tyrosinemia
of the premature (5,1]); the lag in the develomn ent of a part of the phenylalanine.
hydroxylase system resultiﬁg in transient hyperphenylalanemia (4,53); and the

lag in the cystathionase synthetase (54) which makes cysteine an essential
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amino acid for the human fetus and premature infant (48).

The most preésing problem facing investigaktors is the need to resolve
the conflicting reports of glutamate toxicity in the primate and contrast
these results to those obtained in the mouse. Little is known about the levels
to which plasma glutamate must rise to cause either type of lesion. Because
of this, it is .difficult to directly compare toxicity during oral administration
to that when subcutaneous orkintraperitoneal irrj'ectidn is used. With oral
administration, glutamate enters the gut and is carried by portal circulation
directly to the liver. Portal glutamate levels are normally high compared to
peripheral levels (52) and the liver converts a sizeable quantity of glutamate
into glucose and lactate for release to circulation. During subcutaneous
injection of glutamate, glutamate enters the circulation without first passing
through either the gut or the liver, obviously resulting in markedly increased
blood glutamate levels . It would be expected that an injected dose of
glutamate would lead to higher blood glutamate levels than would an oral dose.

Few reports have appeared detailing plasma glutamate levels during
toxicity studies of glutamate. Olney et al. (36) reported data from five
monkeys administered glutamate. Unfortunately the paper chromatogra_phic
method used for analysis was not appropyriate since glutamine present in
the plasma and red cell is converted into glutamate and pyrrolidone
carboxylate resulting in artiﬁcially elevated glutamate levels. Plasma

glutamine levels are approximately five to ten times greater than plasma
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glutamate levels, and the conversion of glutamine into glutam_ate makes the
method of little use for quantitating glutamate levels. In addition, the red

cell contains four times as much glutamate as plasma along with a large
quantity of glutamine. Thus values for total blood glutamate are difficult

to interpret. However, even considering these analytical shortcomings, it

is obvious that criticism of the data of Reynolds et al. (45) is not valid. Olney
et al. (36) suggested that the emetic properties of. glutamate caused *vomit_:ing
in the animals studied by Reynolds et al. (45) with resultant loes of glutamate
load. As shown in Table 3, only five of the animals vomited minimal quantities
of fluid. One of these animals required redosing because of vemiting early ir;
the experimental period. It is of interest that Olney and colleagues have not
published observations of vomiting in their monkeys. The maximum blood
levels reported by Olney et al (36) were approximately 680 umoles/dl for whole
blood in an.animal given MSG subcutaneously, with maximum levels in any
animal during oral administration reaching 204 umoles/dl. Considering that
the initial total blood glutamate levels reported by Olney et al. (36) r.anged
from 20 to 136 umoles/dl of whole blood ,' largely due to inaccuracies in the
analytical method, the maximum levels reached during oral administration were
markedly below those obtained in our studies. This 'clearly demonstrates

that the inability of Reynolds et al (45) to duplicate the massive lesion reported
by Olney et al. (36) is not due to aﬁ inadequate level of absorbed glutamate.

The data reported demonstrate the expected correlation between the oral

S,
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dose of MSG administered and plaéma glutamate levels. The demonstration
of elevated plasma glutamate levels in fhese animals makes the difference
between the original report of a primate lesion by Olney and Sharpe (35)

and that of Reynolds et al. (45) more striking. This is especially true when
it is considered that no monkey, including animals MH and MG who had a
marked decrease in their ability to metabolize glutamate, developed the
massive hypothalamic lesion reported by Olney and .Sharpe (35). Olney

et al. (36) note that a critical level of 20 mg% (136 umoles/dl) blood glutamate
produces a lesion in the monkey. In evaluating their data it is worth noting
that a load of 1 g/kg body weight produced blood glutamate levels of

20 mg% (136 umoles/1) for one-half hour duration (animal D) and resulted inl
a lesion. Yet, mornkey I had baseline glutamate blood levels of 20 mg% prior
to any treatment, while controllmonkey H, (injected with NaCl, 1.2 g/kg)
developed blood glutamate levels of 20 to 25 mg% which remained at this
level for over 2 hours, reportedly without effect on the animal. This is
hardly c;onsistent with a critical level of 20 mg%. In the mouse Perez and
Olney (35) have reported maximum plasma glutamate levels of 4000 umoles/dl
following sw cutaneouts injection of MSG at 2 mg/kg. Since normal plasma
glutamate levels in the mouse range from 8 to 12 umoles/dl, this represents
an increase of a_pproximately 400 fold over normal. In retrospect, it is not
surprising to note substantial degenerative processes .. Consider the toxic
effect to the animal if plasma glucose, so_dium of potassium concentrations

were elevated 50 to 400 times above normal.
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r\‘ _ In this connection Lemkey-Johnston, Butler and Reynolds (To be published)
ﬁave recently found large cerebral and small hypothalamic lesions in the
infant mouse following the oral administration of NaCl and sucrose loads
equimolar to 4 mg/g loads of MSG. This new finding strongly implicates

hyperosmolarity as one causative factor in the production of central nervous

system lesions following glutamate administration.
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TABLE 1

LISTING OF ANIMALS STUDIED

Animal MSG (g/kg) Age (days) Weight (g) | Species
MQ 0‘ | 9 310 M. irus
MC 1 2 45‘0 M. mulatta
ME 1 17 319 M. irus
muf 1 0.2 " 550 M. speciosa
M7 1 1 - 370 M. mulatta
MI 1 3 8 490 M. mulatta
MF 2 4 430 - M. mulatta
MA*¥ | 2 7 445 M. mulatta
MB* 4 - 14 480 M. mulatta
Mp¥ 4 6 300 M. irus
MG* 4 | 1 510 M. mulatta

* Commercial source

% Vomited small amounts of fluid
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TABLE 2
COMPARISION OF THE QUANTITY AND DISTRIBUTION OF LABEL IN PLASMA AND SPINAL
FLUID FOLLOWING MONOSQDIUM GLUTAMATE LOADING OF NEONATAL MONKEYS

COMPOUND PLASMA CEREBROSPINAL FLUID

counts per minute per ml

ASPARTATE 638 (3.3)* 0 -~
GLUTAMINE 195 (1.0) - 112 (2.0)*
GLUTAMATE 10440 (55.0) , 90 (1.5)
ALANINE 100 (0.5) 5 (0.1)
ORNITHINE ' " 19 (0.1) 0 --
ARGININE 0 -- 0 --
GLUCOSE 5715 (30.0) 4677 (76.9)
LACTATE 1856 (9.7) 1186 (19.5)
TOTAL COUNTS 18961 100 6080 100

*( ) Percent distribution of counts



TABLE 3

EFFECT OF AGE ON FASTING PLASMA GLUTAMATE LEVELS

Monkey Age (days)
MH 0.2
MG 1
MJ 1
MC 2
MF ) 4
MP 6
MA 7
MI 8
MO 9
MB ‘ 14
ME 17

Range for normal adult animals 5 to 10 um/dl

Fasting
Plasma Glutamate
Concentration (umoles/dl)

62
77
20

9

15

15

11



TABLE 4

DISTRIBUTION OF RADIOACTIVITY IN URINE OBTAINED 3 HOURS AFTER A MSG LOAD

Compound Counts per min per ml urine % of total

-ketoglutarate 473 : 0.6

- glucose 1676 2.1

lactate 1005 ‘ 1.3

urea 405 0.5

glutathionine (?) " 3900 5.0

aspartate 6400 8.3

| glutamine 100 0.1

N\ glutamate 62759 81.8
alanine not detected
ornithine not detected
citrulline not detected
arginine not detected

Total 76721 100



Figure Legends:

Figure 1,

Figure 2.

Figure 3.

Figure 4.

Figure §.

Plasma glutamate and aspartate levels with time following MSG
loading: Mean value from 4 animals administered 1 gm/kg body
weight (8); mean value from 2 animals administered 2 gm/kg body
weight (x); mean value from 2 animals administered 4 gm/kg body

weight (0); value in control animal administered water (o).
Standard deviation not more than 15% of mean.

Plasma distribution of radioactivity in neonatal monkeys (N=3)
administered monosodium glutamate in wa{ter (1 gm/kg body weight,

14C-L--glutamate). Mean values shown, standard

10 ucuries 3,4~
deviation did not exceed 15% of the mean.

Plasma glutamate and aspartate levels in neonatal mon.keys
administered 1 gm MSG per kg Body weight: Monkey MH (X): Othér
neonatal monkeys, mean ¥ standard deviation (0); control (A)
Metabolic pathways available to glutamate .

Plasma glutamate and aspartate in neonatal monkeys administered

4 gm MSG per kg body weight: monkey MG (0); other neonatal

monkeys (@ ).
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Figure 1. Plasma glutamate and aspartate levels with time following MSG
loading: Mean value from 4 animals administered 1 gm/kg body
weight (4); mean value from 2 animals administered 2 gm/kg bbdy
weight (x); mean value from 2 animals administered 4 gm/kg body

weight (0); value in control animal administered water (o).

Standard deviation not moré than 15% of mean.
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ABSTRACT:

L-Glutamate-3, 4—14

C was administered to pregnant rhesus monkeys
and serial maternal and fetal plasma .samples were analy'zed on an

amino acid analyzer equipped for simultaneous radioactivity and amino
acid analysis. In maternal plasma, 69 to 88% of the readioactiyity
remained in association with the glutamate, ld to 22% was converted into
glucose, and smaller amounts were converted into lactate, aspartate,
glutamine and ornithine during glutamate infusion. In fetal blood however,
glucose' and lactate accounted for more than 80% of the radioactivity,

and less than 2% of the label wasifound in glutamate in cases where
maternal glutamate levels did not exceed 100 ,Jmol/dl . Chemically,
when maternal glutamate levels were elevated 10-20 fold (up to

100 Fmol/dl) fetal glutamate levels were unchanged . When maternal
levels i‘ncreased to 280 ,umol/dl (70 x normal), glutamate did Cross th‘e
plécenta, and fetal glutamate levels were increased but to a far lesser
extent (40 pmol/dl‘) than maternal plasma.

Labeled glutamate administered to the fetus was not transferred to
maternal circulation unless fetal plasma glutamate levels were greater
than 1000,umol/di (normal 4 pmol/’dl).

These results indicate tha.t the -hemochorial placenta of the primate
is virtually impermeable to glutamate, unless extreme elevations of
plasma glutamate levels are induced. On the other hand, glutamate

metabolites such as glucose, lactate, alanine, ornithine and acetoacetate,

but not aspartate, readily traverse the placenta.
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“protecting” the fetus from biochemical insults in utero, Kerr and
Waisman 7(21) have pointed out that in some cases the placenta may
conceivably potentiate toxic effects. Their conclusions were.
predicated upon the effects of feeding diets high in phenylalanine
to pregnant monkeys and observing that infants born of these mothers
had fetal phenylalanine levels considerable higher than those noted
in the maternal circulation. Infants born of such mothers were slow
to learn simple tasks and social behavior. Based on the observations
of Kerr and Waisman (21), Olney (8,11) has suggested that the primate
placenta maintains fetal glutamate concentrations at a level two tirﬂes
- that of the maternal circulation and proposed that brain lesions could
occur in the developing primate embryo in response to increased
maternal glutamate levels. |

Because of concern as to the safety of MSG ingestion by the
pregnant woman, we have studied the extent of glutamate transfer across
the hemochorial placenta of the primate. |

Materials and Methods:

Surgical Procedures. A total of 8 rhesus monkeys (Macaca mulatta)

estimated by physical examination to be in the last trimester of pregnancy
were studied. The duration of gestation, estimated retrospectively from

standard tables of fetal weight, length and sex for this species (24,25)



Introduction:

Oral or subcutaneous administra;cion of large quantities of glutamate
to neonatal (1-11) or adult (8,12) mice results in a variety of neurotoxic
effects which include neuronal necrosis, retinal lesions, obesity and
neuro-endocrine disturbances. In species other than the mouse, and in
the primate in particular, the existence of neuronal necrosis is a subject
of considerable controversy (13-19).

The potential danger to the fetus from the ’administration of large
levels of glutamate to the mother is a matter of considerable importance.

Available data dealing with glutam_ate-induced damage to the fetus in utero

are conflicting. Lucaé and Newhouse (3) reported absence Aof retinal lesions
and no observable abnormalities in the offspring of pregnant mice repeatedly
injected with glutamate, while Murakami and Inouye (20) reported brain
lesions in the mouse fetus followi‘ng maternal administration of glutamate.
Newman et al. ‘(16) failed to find evidence of glutamate-induced neuronal
damage in the newborn progeny of pregnant rhesus monkeys given 4 g
monosodium glutamate per kg body weight in their drinking water during the
~

last one-third of pregnancy.

In the pregnant monkey, amino acid concentrations in fetal plasma exceed
that of maternal olasma by factors ranging from 1.2 to 2. (21,22). Similar
iindings have been noted in man, with fetal to maternal ratios for plasma

amino acids being highest in the least mature fetus (23).

Although the placenta is usually endowed with the role of
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as well as our own experience with several hundred macaque pregnancies
at the Primate Breeding Facility, University of Illinbis Medical Center,
varied from 140 to 160 days. After an overnight fast, the animals

were tranquilized with phencyclidine hydrochloride (Sernylan, Parke-
Davis Co., Detroit, Michigan), 1 mg per kg,and atropine, 0.1 mg
intramuscularly, and anesthetized with halothane by endotracheal
inhalation. Polyethylene catheters were inserted into a maternal
antecubital vein and into the inferior vena cava through a sa phenous
vein. The uterus was exposed through a midline abcdominal incision,

and the anterior and posterior placentas and interplacental vessels |
were identified by uterine transillumination (26). An interplacental
vessel (either a vein or both an artery and a vein) was isolated and
catheterized with a silastic T-tube (Extracorporeal Medical Specialties,
New Brunswick, New Jersey), permitting sequential sampling of fetal
blood without interruption of circulation. After closure of the myometrial
incision, a polyethylene catheter was inserted into the amniotic sac at
a different site in‘ ‘the uterus. In one experiment catheters were élso
inserted into the uterine artery and uterine vein. After closure of the
abdomen, inhalation anesthesia was discontinued and the animal was
maintained in a quiescent state by periodic injections of phencyclidine

hydrochloride, 0.5 mg/kg intramuscularly.
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Maternal to fetal transfer was examined in 5 animals in which
rﬁonosodium-L-glutamate (dissolved in distilled water) was infused by
a constant infusion pump (Harvard Scientific Corp. ' Dover, Mass.) into
the maternal antecubital vein at a fate of 0.02 g per min. A total of
1 g of glutamate, containing 50 uCi 3,4-—14C—L-glutamate, was infused
over a course of 60 minutes intc each of 4 animals., Since maternal weights
varied from 4.9 to 6.4 kilograms, the total amount administered ranged
from 0.16 to 0.22g/kg of body weight. _A fifth animal (weight 5 kg)
received a total of 2 g of glutamate (75 PCi of radioactive glutamate
infused over 60 minuf.es for a dose of 0.4 g/kg body weight. At intervals

of 15 to 30 minutes during and following the infusion, samples of
maternal blood, fetal blood and amniotic fluid were collected from the

maternal inferior vena cava, the interplacental vein, and the amniotic
sac, respectively. In one experiment both arterial and venous samples
were obtained from fetal and uterine circulations.

In order to test fetal to maternal transfer of glutamate, 3 animals were

studied. In one animal, 0.8 g glutamate containing 10 FCi 3,4—14C-L-91utamat4

(2.4 g/kg body weight of the fetus) was injected through the uterus and
into the fetal chest wall, and maternal plasma amino acid levels were
determined at 30 minute intervals for the next 5 hours. In a second
animal, the fetus received 0.4 g glutamate containing 10 pCi of 3,4—14C—

L-glutamate (1.5 g/kg body weight) injected into the umbilical vein,
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and maternal plasma amino acid levels were determined at 30 minute
intervals for the following 6 hours. In both of these cases the only
fetal blood sample obtained was from the cord at the time of delivery
by hysterotomy 5 or 6 hours after fetal injection. In the final animal,
1.2 g of glutamate containing 60 JpCi of 3,4-14C-L-glutamate was
infused into a breviously-—catheterized interplacental artery over the
course of 60 minutes (5 g/kg body weight of the fetus). Maternal
blood and amniotic fluid samples were obtained during infusion and
fetal blood samples, maternal blood samples and amniotic fluid samples
were obtained during the 2-hour post infusion period.

Each fetus was alive on delivery by hystérotomy at the conclusion.
of the experiment. Cerebrospinal fluid samples were obtained from the
cisterna magna and prepared by the method of Dickinson and Hamilton (27).
Plasma and cerebrospinal fluid samples were deproteinized with
sulfosalicylic acid (28) and analyzed immediately or stored at -70°
until analysis. These conditions preveht conversion of glutamine to
g_lutamate and pyrrolidone carboxylate and loss of cystine. Simultaneous
radioactivity and amino acid analysis was done by the mgthod of
Stegink (29), a technique permitting detection of both ninhydrin-negative
and ninhydrin-positive metabolites. Amino acid analyses were carried
out on Technicon NC~1 amino acid analyzers usincj the Efron buffer

system (28).
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In order to identify the ninhydrin-negative ’metabolites of
glutamate noted in the primate, aduit female non-pregnant monkeys
were given large loads of glutamate (1 g/kg body weight, 50 JCi 3-4-
14C-L-glutama'ce) . The ninhydrin-negative compounds were isolated
from plasma which had been immediately deproteinized either with
sulfosalicylic acid (28) or by means of a Diaflo ultrafiltration cell.
Samples of deproteinized plasma were applied to an amino acid
analyzer column and the eluate collected in 2 ml fracfions . The
pattern of radioactivity obtained iﬁ this manner was identical to
that obtained using the simultaneous radioactivity amino acid-
analyzer technique. Fractional collections were desalted by high
voltage electrophoresis techniques which were also used for
identific;ation of acidic metabolites (30).

The monosodium-L~glutamate used (International Minerals and
Chemical Corp., Skokie, Illinois) assayed at greater than 99.9%
glutamate by amino acid analysis and no amino acids other than
glutamate were identified. The L—3,4—14-C glutamate had a spécific
acitvity of 0.2 mCi/mmol.

Results:

Maternal to Fetal Transfer

Figure 1 demonstrates the dose-related response of maternal

plasma glutamate levels to the glutamate infusion. Maternal glutamate
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levels rose in proportion to the amount given and fell rapidly toward
normal upon termination of the infusion. In fhe 4 animals given
loads of 0.16 to 0.22 g per kg of body weight and in which maternal
glutamate levels did not exceed 100 pmol/dl (20 x normal), fetal
glutamate levels were unaffected. However, in the animal infused
with 0.4 g/kg body weight, maternal plasma glutamaté levels reached
280 pmol/dl (70 x normal) and quantities of glutamate were transferred
to the fetal circulation, increasing fetal levels to 44 }xmol/dl at 45
minutes into the infusjon. Fetal levels then declined so that at the
end of the infusion (60 minutes), the glutamate level was 18 FmovdL
despite a simultaneous maternal level of 250 pmol/dl.

Figure 2 shows the .absolute chemical levels of the various amino
acids readily derived from glutamate in the maternal and fetal blood
in the animal infused at 0.22 g glutamate/kg body weight. As expected,
maternal glutamate levels rose rapidly during the infusion reaching levels
approximately 20 times baéeline values. Upon termination of the
infusion, maternal glutamate levels fell to normal within an hour.

A small decrease in maternal glutamine and alanine levels occurred
during the early part of the infusion, but levels returned fapidly to

normal. As expected, a slight rise in maternal aspartate level also
occurred. Maternal levels of arginine, préline, ornithine

and other amino acids were not affected. In contrast to
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maternal circulation, no detectable increase in the levels of
glutamate or aspartate occurred in fetal plasma, and fetal levels
of alanine, arginine, proline and ornithine were also not affected.
Fetal glutamine levels dropped slightly during maternal infusion of
glutamate and showed a slight transient elevation upon termination
of maternal infusion. Amniotic fluid free amino acid levels were
not significantly altered either during maternal infusion or during the
post-infusion period. Urine obtained from the fetus at delivery -
contained normal amounts of glutahate, indicative of lack
of placental transfer.

Although moderate elevation of the maternal glutamate level had
no effect ‘on the fetal level, radioactivity was transferred from mother
to fetus, as illustréted in Figure 3 whefe arterial and venous values
for uterine and fetal blood are given. There was a delay in the transfer
of radioactivity from maternal to fetal plasma so that maximal fetal
levels were not reached until the cessation of.th‘e infu.sion, although
relatively constant levels were maintained for at least 90 minutes
thereafter. Little difference in radioactivity was noted between arterial
or venous blood on either the maternal or the fetal side of the placenta.

The use of radioactive-labeled glutamate allows the measurement

of the net flux of a specific labeled carbon atom but does not
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differentiate between the specific compounds inQolved in its
metabolism. This problem was largely eliminated. in f.his ‘study
by employing a technique permitting simultaneous analysis of
physiological fluid samples for: (a) amino acid composition,
(b) the qua_ntity—of lébel found in each amino acid, and (c) the
quantity of label in various ninhydrin-negative metabolites
derived from these labeled amino acids (29). A typical maternal
plasma profile is shown in Figure 4. Glutamate infusion resulted in
significant incorporation of label into plasma glutamate, asparate,
glutamine, and urea as well as two ninhydrin-negative compounds

indicated in Figure 4 as compounds 1 and 2 ]ater identified as

glucose and lactate, respectively.

Thé radioactivity profile of glutamate -dérived compounds found
in maternal and fetal plasma and amniotic fluid in the animal
receiving 0.22 g/kg is illustrated in Figure 5. During glutamate
infusion most of the radicactivity in the maternal plasma was present.
as glutamate, with smaller quantities found as aspartate,
giutamine and salanine. Substantial quantities of two
ninhydrin—nergative compounds identified as glucose and lactate were
alsc noted. Upon termination of the infusion, plasma glutamate levels

declined rapidly, lea\iing glucose and lactate as the major radioactive
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compounds. In fetal plasma no radioactivity was detected in either
glutamate or aspartate). Small quantities of label were found in
alanine and glutamine, appropriate to the concentration gradient
- for most amino acids maintained toward the fetal circulation by the
placenta,although absolute chemical values of these amim acids
were not elevated (Figure 2). Amniotic fluid glutamate and aspartate pools
were not labeled although substantial quantitfes of lactate and glucose
accumulated. Fetal urine obtained at delivery showed no radioactivity
present as glutamate or as'partateA. The major radioactive compounds
present in fetal urine were glucose and lactate, along with trace
quéntities of lébel in alanine and glutamine.

The non-ninhydrin reacting metabolites were isolated from maternal
blood and identified by previously-desén‘bed techniques (31). These
compounds were isolated from amino acid analyzer column eluates,
purified by high voltage electrophoresis, characterized as single
compounds, and identified as glucose and lactate by chemical and
enzymatic methods. No substantial quantities of radioactivity were
found in succinate, pynolidoﬁe carboxylate, malate, citrate or
oxaloacetate. When large quantities of plasma wéré applied to the
high voltage electrophoresis system, very small quantites of label were

noted in pyruvafe and d -ketoglutarate.
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These data demonstrate that placental transfer of glutamate was

negligible under conditicns in which maternal plasma glutamate levels

were increased as mucﬁ as 20 times normal. Above this level there

existed a threshold value for maternal glutamate levels, which when

exceeded allowed some degree of transfer. However, as illustrated

in Figure 6, little effect was noted upon the plasina levels of the

major glutamate-derived amino acids even in the presence

of the maternal glutamate levels 70 x normal.

A small increase in maternal aspartate levels occurred during the infusion

although glutamate conversion to aspartate is considerably less than that

occurring when glutamate is administered by the oral route {32-34). Upon

cessation of the infusion, aspartate levels returned to normal. Just

prior to the termination of the infusion, an increase in the urea cycle

amino acids, ornithine and arginine (but not citrulline) was noted. This increase

was transitory and levels were normal at the next sampling time. In the
fetal circulation a plasma glutamate level of 45 pmol,’dl was noted at
45 minutes into the infusion. However, at 60 minutes, although the
infusion had just terminated and matémal levels were still extremely
high (ZSOPmol/dD, fetal levels had dropped to 18 pmo]/dl. '.I‘his suggests
that the maternal level exceeded 280 pmol,’d]l earlier in the infusion, and
that as the maternal level dropped below this value, placental transfer
of glutamate‘ceased. Fetal levels of other aﬁino aclds were

essentially unchanged, except for aspartate which was slightly elevated.
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Evaluation of the radioactivity profile of glutamaie metabolites

in the animal infused at 0.4 g/kg body weight, illustrated in

Figure 7, confirm the absolute chemical values shown in Figure 6.
During the infusion almost all of the ;adioactivity in the maternal
plasma was present as glutamate, with much smaller quantities
present as élucose, lactate, aspartate and glutamine. Upon terminétion
of the infusion, radioactivity present as gluta'mate and aspartate
disappeared more rapidly than glucose, lactate and glutamine. In

the fetal circulation, .the radioacftivity present as glutamate correlatedv
closely with the chemical levels, indicating that the decline-in fetal
glutamate level during the latter portion of the infusion was real. No
differences in glutamate metabolite patterns were noted between
animalé infused at the lower and higher levels, with glucose, lactate,
and glutamine containing virtually all of the radioactivity found in
fetal plasma.

Fetal-maternal transfer

Reports (35,36) of infants exhibiting hyperglutamic acidemia led
us to raise the question of the extent of the placental transfer of
glutamate from fetal to matemél circ-:ulation in the event of an enzymatic
defect in glutamate metabolism in utero. In our two experiments in

which glutamate (with added tracer) was injected into the umbilical
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vein or the fetus itself in single doses of 1.5 and 2.4 g/kg fetal
weight, the maternal plasma failed to demonstrate an increase in the
chemical level of any amino acid. Only radioactive glucose and lactate
were noted in the maternal circulation . The glutamate level in cord
blood samples obtained 4 to 6 hours after administration was normal.
However, amniotic fluid glutamate levels were still elevated (18 pmol/cl)
in comparison with pre-injection values (3 to 5 Fmol/dl). In addition,
fetal urine contained enormous quantities of glutamate, suggesting
that fetal plasma glutamate levels had been markedly elevated during
some portion of the post-injection period.

‘ Figure 8 contains chemical values in maternal and fetal plasma and
amniotic fluid following infusion of glutamate (5 g/kg fetal body weight)
with 60 uCi 3,4-14C-glutamate to the intrauterine fetus over 60 minutes.
Fetal glutamate levels rose to concentrations 400 times the pre-infusion
concentrations and amniotic fluild levels behaved similarly. Fetal
aspartate levels were raised to 140 times co‘ntrol value‘s. Despite thé
extreme elevation of fetal glutamate, relatively little glutamate reached
maternal éirculation. With cessation of the infusion, fet_al plasma
glutamate levels rapidly dropped below ldOO pmoi/dl, and transfer to the
maternal circulation apparently ceased. Desbite fetal plasma aspartate

levels 140 times normal, no increase in maternal plasma aspartate level

wis detected. Although small increases in fetal plasma glutamine and
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alanine levels occurred, no effect upon maternal levels was noted.

The data in Figure 9 indicate that glutamate metabolism is
considerably more complicated with fetal infusion than with maternal.
This may be due to the enormous quantities given relative to pool size
and/or to the storage and recycling of label from ‘the amniotic fluid.
Radioactivity in the fetal circulation was found largely as glutamate
with smaller amounts of aspartate, lactate, glucose, glutamine and-
a compound tentatively identified as acetoacetate. A rapid drop in
maternal glutamate radioactivity followed cessation of infusion.
Again a lack of aspartate transfer was noted. )

Comparison of radioactivity profiles in the physiological fluids of ‘
the fetal monkey at the termination of the experiment is shown in
Table I. Despite elevated levels in fetal plasma, little radioactivity
from either aspartate or glutamate is found in the fetal spinal fluid,
although glutamine, glucose, lactate and acetqacetate are found in
approximately equal quantities in both fluids. Amniotic fluid levels .
further demonstrate the plight of the fetus_i_nutﬂa . One majbr
mechanism used by the adult organism to remove glutama_te following
load is urinary excretion (28,31). Normal plasma glutamate levels
range from 3 to 10 pmol/dl, and glutamate has a low renal threshold so
that marked increases in plasma levels lead t.o rabid excretion. However,

if the fetus clears large quantities of glutamate by urinary excretion,
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it goes into amniotic fluid, only to be swallowed by the fetus. indeed,
it is this recycling of label which may account for the more complicated
metabolite pattern noted in fetal plasma.

Absolute chemical values found in physiological fluids at the
beginning and termination of the experimént are shown in Table II. In
the fetal plasma, the greatest proportionate change was noted in glutamate
and aspartate, as would be expected on the basis of the radioactivity
data. The observation that chemical levels of alanine doubled
in the absence of incorporation of radioactive label (Figure 9) is
surprising and probably indicates that the carbon structure of .élanine
comes from other molecules capable of forming pyruvate, with only the aminb _
group coming from glutamate. In the amniotic fluid, most of the amino
acids listed increased with fetal glutamate infusion, with the greatest
proportionate increases again found in glutamate, aspartate, and alanine.
With respect to spinal fluid levels, since pre- infusion samples were
not possible, values noted in 2 adult animals are listed for comparison.
The increase in spinal fluid amino acids was smaller than that noted with
either plasma or amniotic fluid amino acids.
Discussion:
Morse (37) was probably the first to demonstrate that plasma levels

of amino acids in the fetus normally exceed those of the mother.
Subsequent studies by a number of 1nvestigatc;rs have indicated that

this relationship is maintained by a transport system which: (a) involves
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transfer against a gradient, (b) shows discrimination between the D |
and L-isomers of the amino acids, (c) does not involve binding proteins
in the fetal plasma in quantities sufficient to account for accumulation,
(d) is competitively inhibited by similar amino acids common to a
specific transport site, and (e) can be saturated by increasing
concentrations of amino acids. All these data suggest that an active
transport process is involved in placental transfer of amino acids (38, 39).

In the pregnant monkey, Kerr and Waisman (21) showed that amino
acid concentrations in fetal serum- exceed those of maternal serum by
a factor approximating 1.5 and noted that with the exception of taurine, lysine,
alaﬁine and 3-methylhistidine, these disproportionate ratios were
achieved on the basis of a decrease in maternal plasma concentrations
during pregnancy. In both monkey (21,22) and human (23) the fetal-
maternal ratio for amino acids decreases throughout pregnancy. Kerr
and colleagues (21,40) pointed out that the transplacental gradient of
certain amino acids is maintained even in the face of elevated maternél
levels. Thus, increased maternal phenylalanine levels in the primate
resulting from ingestion 6f a high phenylalanine diet produced
correspondingly increased fetal levels. Infant primates born of such
mothers were slow to learn simple tasks and social behavior, suggesting

damaging effects of elevated levels in utero corresponding to the well-

documented deleterious effects on human infants born to phenylketonuric

mothers (41).
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These studies have 1ed to the suggestion that increased maternal
levels‘ of any amino acid could present a hazard to the fetus, assuming
that each amino acid would be concentrated towards fetal circulation.
However, recent data indicate that not all amino acids are concentrated
towards the fetal circulation. Gaull and co-worke;s (42,43) have studied
blacental transfer of specific amino acids in pregnant women and primates.
Maternal infusion of methionine, leucine or orriithine led to the accumulation
of these amino acids in fetal plasma. However, infusion of solutions of
cystine or cysteine did not result in an increase in their concentration
in fetal plasma . From primate studies with 35S--labeled cystine and
cysteine , it was concluded that the low fetal plasma concentration for -
cystine and cysteine was not due to the rapid u‘ptake and/or metabolism
of thesé amino acids by fetal organs or placenta, but rather a transport
mechanism based on simple diffusion (43).

Olney (8,11) has suggested that a hazard could exist for the fetus

in uteroin the event of marked maternal ingestion of glutamaté because

of unfavorable fetal-maternal glutamate ratios. Various

investigators have reported cord—mafernal plasma glutamate ratios ranging
rom 1.58 to 1.8 in the human (21, 44,45}, In the 111ox1kef, Kerr and
Waisman (21) reported ratios of approximately 2 for combined glutamine-
glutamate levels, since their analyzer did not separate these amino acids.

In the present study the fetal-maternal ratios of glutamate ranged from
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ltol.2, éonsiderably lower than those reported by other investigators.
Fetal-maternal glutamine ratios were noted to be 1.5 to 2. Since
plasma glutamine levels are usually 10 to 15 times those of glutamate,
it is obvious that the combined glutamine-glutamate values of Kerr and
Waisman (21) would approximate those of glutamine alone. Thus their
data are in agreement with ours .7 Reliable values fo'r fetal-maternal
glutamate ratios are difficult to obtain in the human for several reasons.

In view of the demonstration (in the expex;imental animal) fhat stress
results in glutamate release (46), it is quite likely that labor and
delivery may be responsible for some increase in cord glutamate levels.
Rooth and Nilsson (47) have suggested that this stress is the cause of a
significant arterial-venous difference for glutamate in umbilical cord
blood. i‘hey correlated this stress with the degree of fetal metabolic
acidosis, primarily as a manifestation of delivery and noted it to be more
pronounced if labor were complicated. It is possible that stress placed
upon our experimental animals could have caused a slight elevation of‘
maternal glutamate levels, with resultant lowering of the fetal-maternal
ratio. Thig appears unlikely, however, since our values fpr matemal
glutamate are no greater than those réported by other investigators.

Our studies indicate that the placenta handles glutamate, and possibly
aspartate, differently from most other amino acids. With maternal
administration, glutamate appears to cross thhe placenta only after extreme
elevation of maternal plasma levels. Maternal glutamate levels of 100 umol/dl |

(following glutamate infusion at 0.2 gYkg body weight)failed to produce |
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any detectable increase in fetal glutamate levels. It seemed likely,

/\ howevér, that there should be a threshold value for maternal glutamate
which if exceeded could allow some glutamate transfer to the fetal circulation.
To test this point, 0.4 mg/kg body weight glutamate was infused into
maternal circulation of one animal. At 45 minutes into the infusion,
maternal levels reached 285 Pmol/dl and at termin-ation of the infusion,
maternal levels were 250 pmol/dl. At these maternal levels glutamate
transfer did occur to a limited degree. Interestingly, fetal glutamate
levels decreased from 44 pmol/dl (at 4—5 minutes) to 19 pmol/dl (at 60
minutes of maternal infusion) despite relatively constant maternal levels.
This suggest‘s that either the matemal-fe_tal placental glutamate threshold
is somewhat above 250 Fmol/dl, and this level was exceeded early in the

{f\ infusion, or thaf the infusion of large quantities of "solute" somehow
temporarily disrupted the placental membrane allowing some transfer early
in the infusion. The results reported here are consistent\with the data of
Dierks-Ventling et al. (48) in the rat. These investigators injected 1 g/kg
body weight of glutamate into the tail vein of the pregnant rat and measured
glutamate found in blood of individual pups at various times. Maternal
glutamate levels increased from 10 umol/dl to 350 Pmol/di, but no change
was noted in fetal glutamate levels (10 }xmol/dl). Unfortunately, these
authors did not utilize radioactive glutamate and therefore could not

examine labeled compounds derived from glutamate which may have crossed

the placenta.
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In contrast to the relatively poor placental permeability of
glutamate, glutamate -derived metabolites in the maternal circulation
appeared to cross the placenta easily. The quantity of radioactivity
in glucose was usually slightly higher in the fetal circulation than in
the maternal circulation, as was radioactivity in fetal lactate
(Figures 5 & 7). The increased levels may reflect concentration of
these compounds. in the fetal circulation. On the other hand, the more
anaerobic con_'lditions of fetal metabolism may cause a gréater conversion
of labeled glucose té lactate in the fetus.

Conversion of infused glutamate to lactate and glucose is
physiologically rea sonable. The liver normally converts a large
proportion of excess glutamate into Q;ther metabolites, and the labeling
of metabolites is logical when one examines the available metabolic
pathways illustrated in Figure 10. Excess glutamate is rapidly
removed from the blood by the liver. Once inside the liver cell,
glutamate enters the mitochondria where it is rapidly converted into
4-ketoglutarate and other tricarboxylic acid cycle components, principally
malate and oxaloacetate. Oxaloacetate remains within the mitochondria,
while malate is able to diffuse out. Mitochondrial oxaloacetate may be
transaminated to aspartate which can be transferred to peripheral blood
resulting in labeled aspartate. Cytoplasmic malate is converted into
phosphoenolpyruvate which in tufn may be metabolized-in a variety
of ways depending upon the erergy or oxidation-reduction status of the

liver cell and its precise hormonal balance. In these studies, most of
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the phosphoenolpyruvate was converted into glucose, while smaller
quantities passed through pyruvate into lactate. Since mitochondria
have sufficient quantities of o{-ketoglutarate available for ATP synthesis,
it is reasonable to postulate that the conversion of pyruvate into
acetyl-CoA for oxidation in the mitochondria was decreased, with the
majority of phosphoenolpyruvate being converted into glucose, along
with smaller quantities converted into léctate.'

Our-studies invoiving fetal administration of glutamate suggest
that the threshold for transfér from fetus to mother is even higher than
that for mother to fetus. In the two experiments in which the fetus
received glutamate at 1.5 and 2.4 g/kg, maternal glutamate levels were
unchanged and radioactivity in the maternal circulation was present
only as glucose and lactate. Although fetal infusion of glutamate at
5 9/kg did produce chemical and radioactive evidence of some transfer
(fetal glutamate level ca. 2000 pmol/dl), transfer apparently ceased
during the 3 hours following fetal infusion in which feta.l plasma glutarﬁate
levels remained in the range of 400 to 1200 Pmol/dl. This observation
suggests that the threshold for fetal-maternal transfer is in excess of
1000 }_\mol,/dl. In addition to glucose and lactate, an additional metabolite
{tentatively identified as acetoacetate) was found in‘ the animal given the
largest fetal infusion.

The present study also suggests that aSpartate (the other dicarboxylic

acid present in plasma) has a similar lack of placental transfer. With
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maternal infusion, increases in maternal aspartate caused only a sméll
increése in fetal aspartate levels (Figure 6) and virtually no label
detectable in fetal aspartate (Figure 7). Similarly, fetal aspartate
levels of 0 70 pmol/dl (normal 0.4 to 0.8) in the fetal infusion experiment
failed to increase maternal aspartate measured either chemically or
radioactively (Figures 8 and 9). Thus, it appear§ that the so-called
‘acidic amino acids"such as glutamate and aspartate are generally not
transported across the placenta. The sulfonic amino acid, taurine,
may also fit this grouping . It -has been suggested that the elevated
fetal to maternal taurine levels are due primarily to the failure of taurine
transport from fetal to maternal circulation after taurine synthesis from
cysteine in the fetus (49).

Although Lucas and Newhouse (3) did not observe retinal lesions
in the offspring of pregnant mice injected with glutamate, Murakami and
Inouye (20) have re)ported a brain lesion in the mouse fetus following
maternal glutamate administration. At the dosage employed in the lattér
Astudy (5 g/kg body weight), it is entirely possible that some transfer
to fetal circ\ulation could occur. Perez and Olney (50) reported blood
glutamate levels of 4000 }.lmol/dl in neonatal mice. injected with glutamate,
at 2 g/ xg body weight. Thus, at 5 g /kg maternal dose, the maternal
glutamate levels could well exceed the placental threshold to a

considerable degree, assuming the mouse placenta has a threshold
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similar to the primate. In addition, it is now generally accepted that

the neonatal mouse is particularly susceptible to glutamate~induced
neuronal damage. For example, Olney et al.have reported some neuronal
damage in neonatal mice injected with glutamate-containing solutions (51)
in doses we have shown to produce blood glutamate levels offonly 40 to

70 Fmol/dl (52). However, the neurotoxic effects of glutamate in species
other than the mouse are debatable. Although Olney and colleagues have
reported damage to the arcuate nucleus of the neonatal primate by high
doses of glutamate (18,19), other laboratories have failed to confirm

their report of a massive lesion in the arcuate region (13-16). Olney et al.
(19) recently ;'edescribed the size and site of the primate lesion, and now
report the presence of small 50 to 90 cell lesions in the infant primate
administered lower levels of glutamate while reasserting the existence

of the more massive lesion originally reported at higher dose levels.

They correla;e the size of the lesion to the blood glutamate levels reached,
stating that a critical blood glutamate level of 136 pmol/dl results in
neuronal necrosis (19,54). However, the paper chromatographic method
used by Olney et al. (19) to determine glutamate levels was not appropriate,

and results in artifactual elevation of blood glutamate levels due to

glutamine degradation (53). This makes the data presented by these authors . '

(19) difficult to evaluate. For example, they report a massive neuronal
lesion in animals in which blood glutamate lévels reached 5 to 6 times

baseline levels, while reporting only a small 80 to 90 cell lesion in an
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animal in which blood glutamate levels are elevated 10 times baseline
levels. Similarly, control animals had blood glutamate levels which
exceeded 136 uymol/dl, reportedly without evidence of neuronal necrosis (19).
In contrast to their data, Reynolds et al. (13) r.eport'ed no evidence of
massive neuronal necrosis in animals in which we have shown plasma
glutamate levels to reach 900 umol/dl (34).

While the issue of glutamate-induced neurotoxicity in the young of
species other than the mouse remains controversial, it seems obvious
that neuronal damage to the fetus is unlikely in the absence of elevated
fetal glutamate levels. In the present investigation, maternal glutamate
loads producing plasma concentrations up to IOO)Jmol/dl did not result
in ény transfer of glutamate to the fetal circulation. In previous studies
of glutarhate metabolism we found maximal plasma glutamate levels of
less than 30 pmol/dl Qith oral loads of 0.1 g/kg in adult humans (33),
240 pmol/’dl with oral loads of 1 g/kg in infant monkeys (34), and
130 }.\mc;l/dl with oral loads of 1 g/kg in neonatal pigs (32). In order
to signiticantly raise the fetal glutamate level, a maternal intake
in excess'of 1 g/kg would be required, an amount highly_
unlizely to be ingested as a single dose.

Newman et al. (16) failed to find evidence of glutamate~induced
neuronal damage in the newborn progeny of pre_gnant rhesus monkeys

given 4 g monosodium glutamate per kg bodf weight during the last



-26-
one-third of pregnancy. In their studies (16) glutamate was administered
in the drinking water, thus the load of 4 g per kg body weight per day
was spread over 24 hours. This method of administration would produce
Blood levels considerably below those expected if the animal was given
an acute loading dose of 4 g/kg body weight. Inany case, the neonatal
primate appears considerably more resistant to glutamate-induced neuronal
- damage than the neonatal mouse. Reynolds et al. (55) have infused
glutamate loads directly into fétal circulation in utero without production
of the lesion reported by Olney and Sharpe (18).

The fetus lacks an efficient mechanism for clearance of excess

glutamate to maternal circulation. Thus, should a fetal metabolic defect

in glutamate metabolism eXist in utero, such a fetus might be subject
to some hazard from the enormous accumulations of glutamate which would
result. This may have occurred in the two children reported to have a

defect in glutamate metabolism 85,36).
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TABLE I

Radioactivity Distribution Physiological Fluid Samples
at the Termination of the Fetal to Maternal Transfer Experiment

Counts per min per ml fluid

Maternal Fetal o Fetal
Compound
Plasma Plasma Spinal Fluid Amniotic Fluid

Glucose 1044 850 : 650 796
Lactate 509 700 420 898
Acetoacetate : 1600 2700 2264
Aspartate 15 4600 | 162 3990
Glutamine . 100 834 810 790

Glutamate 55 62800 486 201064
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Composition of Physiological Fluid Samples

-

TABLE II

at the Beginning and Termination of the Fetal to Maternal Transfer Lxperiment

Compound

Aspartate
Glutamine
Glutamate
Proline
Citrulline
~Glycine
Alanine
Ornithine

Arginine

Fetal Plasma

Initial

0.4
56
3.6
18
1.6
49.6
37
5.6

8.0

Final

70.0

67.3

570

25.7

2.3

60.4

73.7

9.6

12.0

umol per 100 ml

Amniotic Fluid

Initial

0.2

19.0

2.1

14,5

0.3

41

12.3

1.9

1.1

Final

52.8

45.3

1351

15

0.2

60.1

52.2

4.9

4.4

Spinal Fluid

Normﬁ_l:é\dult
0.15 - 0.30
40.1 - 51.2
1.15 - 1.85
trace

0.10 -0.20
1.38 - 1.82
2.20 - 4.5

0.17 - 1.19
1.31 -1.89

I'inal

2.1

56

8.9

trace

0.5

2.9

5.1



FIGURE LEGENDS
FIGURE 1. Maternal and fetal plasma glutamate levels during matefnal
infusion of glutamate at several levels: &, 0.15 g/kg body weight
| (1 animal); x, 0.17-0.19 g/kg body weight (mean of 2 animals):
9. 0.22 g/kg body weight (1 animal); and 0, 0.40 g/kg body weight

(1 animal) .

FIGURL 2. Maternal and fetal plasma levels of élutamate cderived amino
acids during and following maternal infusion of glutamate (0.22 g/kg body

wceight).,

FIGURE 3. Total plasma radioactivity in maternal arterial (o), maternal
venous (o), fetal arterial (&) and fetal venous (a) bloold dﬁring and
following maternal infusion of 3,4—14C-L-g1utamate {O.IS.g/kg body weight).
I'lGURL 4. Typical radioactivity--amino acid analyzer profile of maternal '
plasma.

FIGURE 5. Radioactivity profile of glutamate metabolites during and
following maternal glutamate infusion (0.22 g/kg) in maternal plasma,
fetal plasma and amniotic fluid. ‘
FIGURE 6. Maternal and fetal plasma levels of glutamate-derived amino
acids during and following xﬁatemal glutamate infusion at 0.40 g/kg body
weight.

FIGURE 7. Radioactivity profile of glutamate metabolites during and
following maternal infusion of 3 . 4-14C—Ia—glutamate (0.40 g/kg body
weignt). _

FIGURE 8. Maternal plasma, fetal plasma and amniotic fluid’ free amino

acid levels following fetal infusion of glutamate (5 g/kg body weight).



FIGURE 9. Radioactivity profile of glutamate metabolites in fetal plasma,

maternal plasma and amniotic fluid fcllowing fetal infusion of glutamate

14

(5 g/xg body weight, 50 "uCi, 3,4~-"""C-L-glutamate).

FIGURE 10. Pathways available for glutamate metabolism.
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FIGURE 1. Maternal and fetal plasma glutamate levels ciun'ng matamal
infusion of glutamaté at several levels: &, 0.15 g/kg body weight

(1 animal); x, 0.17-0:19 g/kg body weight (mean of 2 animals};

0, 0.22 g/kg body weight {1 animal); and 0, *0.40 g/kg body weight

(1 animal).
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FIGURE 2. Maternal and fetal plasma levels of glutamate derived amino

.acids during and following maternal infusion of glutamate (0.22 g/kg body

weight).
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FIGURE 5. Radioactivity profile of glutamate metabolites during and

following maternal glutamate infusion (0.22 g/kg) in maternal plasma,

fetal plasma and amniotic fluid.
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FIGURE 6. Maternal and fetal plasma levels of glutamate-derived amino

acids during and following maternal glutamate infusion at 0.40 g/kg body

weight.




-

Figure 7

I B B T T T 1
. 45 MATERNAL | FETAL _
‘ MSG INFUSION '
o
Y
o
3
= |0
w15 LA e -
& S\
| Z TOTAL q
S °‘°Q§_‘?° /‘.\O o TOTAL
By =* ‘\A Glucose "dGlucose
o 3 GLU
W O
o / "-x |
gls B o /x Lactate
S 1 - ’ -
O ,x s
UQ = X‘A'A. "i‘GLN -
o) /,- A,'r,, ..l"ASP ,
01234 01234
HOURS
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acid levels following fetal infusion of glutamate (5 g/kg body weight).



- +Figure 9

¥ L] L) 1 L L | L) L J L] L 3
T Yo FETAL AMNICTIC MATERNAL
24 PLASMA FLUID PLASMA
L ad -
><25 25
‘ P
220.. 20k
[+ 4
(]
* J LY 15
z 15k § -
s\
[ 4
) E 10F 10 Q3 -
[Ty
(3
3
[¥]

¥
I

§

wn

L)
™.
Q
E(-/‘

'HOURS
1 i ] L
« | FETAL PLASMA] aMNIOTIC T |MaATERNAL
jodels o 4 - FLUL 41 PLASMA - .
x $1 Mease
So4- ‘
@ L4 .
& \
' 03 \ \[ Lact
| g YAV
2 o
. o 02} 5\ !.AcAt
"4 8 ¥
R’
: ﬂ [o)] = ‘.-"r‘a Ghcose
é o \
[¥) «INFUSION
14 LS 1 T
o1 2 3
| L 1 T L) ] 1 1 ) )
Y%  |FETAL PLasMA| amniOTIC MATERNAL
o FLUD PLASMA
i'015'- ~INFUSON B hs
¥ | (3
110 ) - o -t
=T e
x e GLN
e. o -~
w005} -
0
3 N
b} P-g-ALA | Fp——0aLA yr3T00-e0
T ™17 Y T

LB
o 12 3 O 23 0+ 2 3

FIGURE 9. Radioactivity profile of glutamate metabolites in fetal plasma,
maternal plasma and amniotic fluid following fetal infusion of glutamate
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FIGURE 10
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FIGURE 10. Pathways available for glutamate metabolism.
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